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Introduction 


Breast  cancer  is  the  second  leading  cause  of  cancer  death  in  North  American  women. 

The  role  of  TGF-6  signal  transduction  pathway  in  breast  cancer  progression  and 
tumorgenicity  is  still  unclear.  It  has  been  shown  previously  that  the  tumorgenicity  of 
breast  cancer  cells  are  associated  with  acquisition  of  TGF-6  resistance  which  is  often 
correlated  with  reduced  or  loss  of  cell  surface  receptors  for  TGF-6  or  mutation  of 
downstream  signaling  molecules  such  as  Smads.  I  have  proposed  to  further  investigate 
the  role  of  TGF-beta  signaling  in  breast  cancer  cells  and  regulation  of  TGF-6  signaling  by 
oncogenic  activation.  Two  distinct  mechanisms  involved  in  acquisition  of  TGF-beta 
resistant  phenotype  were  described  as  a  result  of  support  from  this  grant.  Overexpression 
of  oncogene  Ski  can  abrogate  TGF-beta  signaling  by  inactivation  of  Smad3  in  epithelial 
cells.  Oncogenic  Ras  can  also  render  cells  TGF-beta  resistance  and  disrupt  TGF-beta 
signaling.  It  becomes  apparent  from  these  studies  that  TGF-6  signal  transduction 
pathway  is  one  of  major  pathway  suppresses  uncontrollable  cell  proliferation.  Oncogenic 
activation  can  interdict  TGF-6  signaling  in  variety  of  ways.  Studies  are  currently 
underway  to  sort  out  which  one  of  these  mechanisms  are  most  relevant  to  breast  cancer. 
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Annual  Summary 


TGF-B  is  a  multi-functional  cytokine  responsible  for  regulating  growth  and  differentiation  of  a 
wide  variety  of  cell  types  and  tissues.  It  is  a  potent  inhibitor  of  epithelial  cell  proliferation  and  causes  cells 
to  accumulate  in  mid-to-late  G1  phase  by  blocking  the  transition  from  G1  to  S.  TGF-B  also  regulates 
expression  of  many  genes  in  most  types  of  cultured  cells.  For  example,  many  extracellular  matrix  genes 
are  strongly  induced  by  TGF-B.  Others  such  as  c-myc  and  cyclin  A  are  repressed  by  the  treatment  of  cells 
with  this  ligand.  TGF-B  plays  a  seemingly  paradoxical  role  in  tumorgenesis:  it  can  suppress  tumor 
formation  in  normal  cells,  yet  promote  cancer  progression  once  the  cells  are  transformed  by  oncogenes. 

□  SmadS  is  a  kev  downstream  oftareet  of  TGF-B  receptors  and  a  kev  mediator  of  transcription  and 
growth  inhibitory  response 

TGF-B  transmits  its  signals  through  heteromeric  complexes  of  types  I  and  n  transmembrane 
serine/threonine  kinase  receptors.  My  first  goal  was  to  identify  which  members  of  the  Smad  family  are 
specifically  modified  by  TGF-B  binding  to  its  receptor  and  then  to  study  the  role  of  that  particular  Smad  in 
TGF-B  signaling.  I  showed  for  the  first  time  that  SmadS  can  undergo  ligand-induced  phosphorylation  at  its 
C-terminal  serine  residues  and  that  this  phosphorylation  facilitates  SmadS’s  nuclear  translocation,  leading 
to  transactivation  of  TGF-B  responsive  genes.  I  also  identified  dominant  negative  forms  of  SmadS  and 
established  that  SmadS  is  a  key  mediator  of  TGF-B-induced  transcriptional  activation  of  the  plasminogen 
activator  inhibitor  promoter  (PAI-1)  as  well  as  growth  inhibition  of  epithelial  cells.  Finally,  I  also 
established  that  the  TGF-B  type  I  receptor  is  most  likely  the  kinase  that  phosphorylates  the  carboxyl- 
terminal  serines  of  SmadS.  Therefore,  SmadS  is  a  key  downstream  target  of  the  TGF-B  receptor  complex 
and  propagates  the  signals  from  the  cell  surface  receptor  into  the  nucleus 

□  Identification  of  Ski  family  of  proto-oncogenes  as  specific  interacting  proteins  of  SmadS  and  their 
involvement  in  TGF-B  signaline 

Dr.  Yin  Sun,  a  postdoctoral  fellow  in  Dr.  Weinberg's  laboratory,  and  I  worked  together  equally  to 
investigate  how  SmadS  is  regulated.  We  discovered  that  the  Ski/Sno  family  of  proto-oncogenes  can 
specifically  interact  with  SmadS  in  a  TGF-B  dependent  fashion.  We  purified  a  SmadS  binding  protein  from 
mink  lung  cell  extracts  and  positively  identified  this  protein  as  a  member  of  Ski  family  of  proto-oncogenes 
by  mass  spectrometry.  We  have  shown  that  overexpression  of  Ski  can  repress  transcriptional  activation  of 
TGF-B  responsive  promoter  and  render  cells  TGF-B  resistant.  Therefore,  overexpression  of  Ski  inactivates 
TGF-B  signaling  in  epithelial  cells,  strongly  supporting  our  hypothesis  that  Ski  may  transform  cells  through 
disruption  of  the  TGF-B  tumor  suppressor  pathway. 

SnoN  is  another  member  of  the  Ski  family  of  protoocogene,  yet  its  transforming  activity  is  much 
less  than  Ski.  SnoN  also  can  also  associate  with  Smad3  in  vivo.  We  also  found  that  members  of  Ski  family 
of  proteins  are  differentially  regulated  by  TGF-B  stimulation.  Upon  TGF-B  treatment,  SnoN  is  rapidly 
degraded  via  the  ubiquitin-mediated  pathway  while  Ski  shows  much  delayed  and  slower  degradation 
kinetics.  These  findings  provide  an  explanation  why  different  members  of  the  Ski/Sno  family  possess 
different  potency  of  transforming  activities. 

□  Genetic  dissection  TGF-B  signaling  pathways  bv  retroviral  mediated  expression  cloning  of  activators 
and  suppressors  of  TGF-B  response 
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TGF-6  can  induce  rapid  transcriptional  activation  of  the  PAI-1  promoter  and  exert  potent  growth 
inhibitory  effects  on  epithelial  cells.  To  genetically  dissect  the  TGF-B  signaling  response,  I  devised  two 
expression  cloning  strategies  and  isolated  genetic  suppressors  and  activators  of  the  TGF-B  pathways  by 
ectopic  expression  of  cDNA  libraries  in  two  TGF-B  responsive  cell  lines. 

To  screen  for  suppressors  of  TGF-B  signaling,  I  isolated  mink  lung  epithelial  cell  lines  that  had 
become  resistant  to  TGF-B  growth  inhibition  upon  infection  with  a  retroviral  cDNA  library.  I  successfully 
cloned  many  cDNAs  that  confer  a  growth  resistant  phenotype  when  stably  expressed  in  a  TGF-B  sensitive 
cell  line.  Among  the  cDNAs  isolated  by  this  kind  of  screen  were  the  activated  form  of  N-Ras'^*',  the  full 
length  mdm2,  a  truncated  mSinSA,  a  PDZ  domain  containing  protein,  a  Rab5/6-interacting  protein  as  well 
as  several  unknown  genes. 

I  studied  the  mechanism  by  which  expression  of  the  activated  N-Ras*^*'  allows  mink  lung  cells  to 
grow  in  the  presence  of  TGF-B.  In  cells  expressing  the  oncogenic  Ras,  TGF-B  induced  normal  translocation 
of  Smad2/3  to  the  nucleus  and  transcriptional  activation.  On  the  other  hand,  expression  of  the  oncogenic 
Ras  caused  mislocalization  of  p27  from  the  nucleus  to  the  cytoplasm.  Inactivation  of  Ras  by  a  specific 
antagonist  restored  the  growth  inhibitory  response  to  TGF-B  with  a  concurrent  normalization  of  p27 
localization.  Therefore,  disruption  of  the  TGF-B  response  by  oncogenic  Ras  is  tightly  linked  to  alteration  in 
the  subcellular  localization  of  the  cell  cycle  inhibitor  p27. 

To  screen  for  activators  of  TGF-B  signaling,  my  colleagues  and  I  expressed  a  retroviral  cDNA 
library  in  a  hypoxanthine  phosphoribosyl  transferase  (HPRI^-deficient  HT1080  cell  line  in  which  a  TGF-B 
responsive  promoter  PAI-1  drives  the  expression  of  the  bacterial  guanosine  phosphoribosyl  transferase 
(gpt).  Cell  lines  exhibited  constitutive  expression  of  gpt  -  i.e.-expressed  a  cDNA  that  activates  the  TGF-B 
signaling  in  the  absence  of  ligand  were  isolated.  One  of  the  cDNAs  we  cloned  encodes  transcription  factor 
TFE3.  We  showed  that  TFE3  can  activate  the  TGF-B  responsive  promoter  in  the  absence  of  TGF-B  and  it 
does  so  by  binding  to  the  E-box  element  present  in  the  PAI-1  promoter  region.  In  addition,  we  showed  that 
TFE3  and  Smad  3  and  4  functionally  interact  to  synergize  in  enhancing  TGF-B-dependent  transcription 
from  the  PAI-1  promoter  with  this  synergistic  interaction  being  required  for  optimal  induction  of  the  PAI-1 
promoter  by  TGF-B. 

□  Development  of  an  efficient  and  quantitative  expression  system  to  study  eene  function  at 
predetermined  levels 

To  express  of  proteins  at  controlled  levels,  I  developed  a  set  of  bicistronic  retroviral  vectors  containing 
an  encephalomyocarditis  virus  IRES  followed  by  a  quantitative,  selectable  marker  such  as  GFP.  This 
system  takes  advantage  of  the  wide  range  of  levels  at  transduced  cDNAs  are  expressed  due  to  the  position 
of  and  number  of  retrovirus  stably  integrated  into  the  host  genome.  Using  this  system,  one  can  readily 
obtain  virtually  any  level  of  stable  expression  of  a  desired  exogenous  gene.  I  showed  that  there  exists  a 
veiy  tight  correlation  between  the  level  and  function  of  a  protein  one  wishes  to  study  and  the  level  of  the 
fluorescent  marker  linked  to  on  the  bicistronic  mRNA.  We  have  used  this  system  extensively  both  in 
assessing  the  functions  of  cloned  genes  and  in  expression  cloning  by  function  of  novel  genes. 
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List  of  key  research  accomplishments 


1 .  Smad3  is  a  key  downstream  of  target  of  TGF-6  receptors  and  a  key  mediator  of  transcription  and 
growth  inhibitory  response  in  epithelial  cells 

2.  Smad3  can  cooperate  with  E-box  binding  transcription  factor  TFE3  to  synergistically  activate  PAI-1 
promoter  through  specihc  cis-acting  Smad  binding  elements  and  adjacent  E-box  element 

3 .  Elevate  expression  of  oncoprotein  Ski  can  abrogate  TGF-6  growth  inhibitory  response  in  epithelial 
cells. 

4.  Oncoprotein  Ski/SnoN  can  blunt  TGF-6  signaling  by  binding  to  Smad3. 

5.  TGF-6  signaling  can  trigger  the  degradation  of  Ski/SnoN  through  an  ubiqutin-mediated  pathway. 

6.  Activation  of  N-Ras  oncogene  can  disrupt  TGF-6  signaling  by  sequestering  p27  in  the  cytosol  and 
preventing  it  association  with  cdk2/cylin  E. 

7.  Development  of  a  set  of  versatile  bicistronic  retroviral  vector  for  expression  cloning  and  functional 
anaylsis. 
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Members  of  the  TGF-p  superfamily  influence  a  broad  range  of  biological  activities  including  stimulation  of 
wound  healing  and  inhibition  of  cell  growth.  TGF-p  signals  through  type  I  and  II  receptor  serine/  threonine 
kinases  and  induces  transcription  of  many  genes  including  plasminogen  activator  inhibitor-l  (PAM).  To 
identify  proteins  that  participate  in  TGF-p-induced  gene  expression,  we  developed  a  novel  retrovirus-mediated 
ppression  cloning  strategy;  and  using  this  approach,  we  established  that  transcription  factor  pE3  (TFE3)  is 
involved  in  TGF-p-induced  activation  of  the  PAM  promoter.  We  showed  that  TFE3  binds  to  an  E-box 
sequence  in  PE2,  a  56-bp  promoter  fragment  of  the  PAM  promoter,  and  that  mutation  of  this  sequence 
abolishes  both  TFE3  binding  as  well  as  TGF-p-dependent  activation.  TFE3  and  Smad3  synergistically  activate 
the  PE2  promoter  and  phosphorylated  Smad3  and  Smad4  bind  to  a  sequence  adjacent  to  the  TFE3-binding  site 
in  this  promoter.  Binding  of  both  TFE3  and  the  Smad  proteins  to  their  cognate  sequences  is  indispensable  for 
TGF-p-inducible  activation  of  the  PE2  promoter.  Hence,  TFE3  is  an  important  transcription  factor  in  at  least 
one  TGF-P-activated  signal  transduction  pathway. 

[Key  Words:  TFE3;  Smads;  TGF-P;  E  box;  PAI-1] 
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TGF-p  has  a  diverse  range  of  biological  activities  includ¬ 
ing  inhibition  of  cell  growth,  induction  of  cell  differen¬ 
tiation,  inhibition  of  the  immune  response,  and  produc¬ 
tion  of  extracellular  matrix  proteins.  TGF-p  rapidly  in¬ 
duces  transcription  of  extracellular  matrix  proteins  such 
as  plasminogen  activator  inhibitor- 1  (PAI-1)  and  cell- 
cycle  inhibitors  such  as  pi and  p2l'^^PUcip 
sano  et  al.  1994;  Hannon  and  Beach  1994;  Datto  et  al. 
1995;  Li  et  al.  1995).  TGF-p  signals  through  the  sequen¬ 
tial  activation  of  two  homodimeric  cell-surface  recep¬ 
tors,  termed  type  I  and  type  II  (TpRI  and  TpRII),  both  of 
which  are  serine-threonine  protein  kinases  (Franzen  et 
al.  1993;  Lin  and  Lodish  1993;  Wrana  et  al.  1994;  Luo  and 
Lodish  1996;  Weis-Garcia  and  Massague  1996).  Ligand- 
activated  TpRI  phosphorylates  conserved  serines  at  the 
carboxyl  termini  of  either  Smad2  or  Smad3,  which  pro¬ 
mote  their  binding  to  one  or  more  molecules  of  Smad4, 
a  common  partner  for  all  phosphorylated  Smads  in¬ 
volved  in  signaling  by  both  TGF-p  and  bone  morphoge¬ 
netic  proteins  (Heldin  et  al.  1997;  Massague  et  al.  1997; 
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Attisano  and  Wrana  1998).  Smad  complexes  then  enter 
the  nucleus  and  activate  transcription  of  a  variety  of 
genes. 

Ectopic  expression  of  Smad2  and  Smad4  activates  tran¬ 
scription  of  a  reporter  gene  driven  by  the  artificial  TGF-p 
responsive  promoter  3TP,  and  addition  of  TGF-p  further 
stimulates  its  expression  (Lagna  et  al.  1996;  Macias-Silva 
et  al.  1996).  Similarly,  overexpression  of  Smad3  and 
Smad4  activates  transcription  from  the  TGF-p  inducible 
PAI-1  promoter  (Zhang  et  al.  1996;  X.  Liu  et  al.  1997). 
Recent  evidence  indicates  that  Smad3  and  Smad4  can 
directly  bind  to  specific  DNA  sequences  in  either  artifi¬ 
cial  or  natural  TGF-p-inducible  promoters  and  thus  ac¬ 
tivate  gene  transcription  (Tingling  et  al.  1997;  Dennler  et 
al.  1998;  Vindevoghel  et  al.  1998;  Zawel  et  al.  1998). 
However,  it  is  not  yet  clear  whether  binding  only  of 
Smad  proteins  to  DNA  is  sufficient  to  confer  maximal 
TGF-p-induced  transcription.  Given  the  diversity  of 
genes  that  are  activated  by  TGF-p,  it  seems  likely  that 
other  transcription  factors,  some  possibly  expressed  only 
in  certain  kinds  of  cells,  partner  with  phosphorylated 
Smads  to  induce  the  expression  of  different  genes.  In 
Xenopus,  activin  induces  phosphorylation  of  Smad2, 
which  then  forms  a  complex  with  Smad4  and  the  tran- 
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scription  factor  FAST-L  This  complex  then  binds  to  the 
promoter  of  the  developmentally  regulated  gene  Mix2 
and  induces  its  transcription  (X.  Chen  et  al.  1996,  1997; 
F.  Liu  et  al.  1997). 

PAI-1  is  a  component  of  the  extracellular  matrix  and 
also  plays  an  important  role  in  regulating  blood  coagu¬ 
lation.  Addition  of  TGF-p  to  cultured  human  Hep  G2 
hepatoma  cells  dramatically  induces  PAI-1  gene  expres¬ 
sion  (Westerhausen  et  al.  1991).  Coexpression  of  Smad2 
or  SmadS  with  Smad4  also  increases  the  expression  of 
reporter  genes  driven  by  the  PAI-1  promoter  (Y.  Chen  et 
al.  1996;  Lagna  et  al.  1996;  Zhang  et  al.  1996),  and  mu¬ 
tation  of  Smad4  leads  to  loss  of  the  TGF-p  response  (F. 
Liu  et  al.  1997;  Zawel  et  al.  1998).  Thus,  Smad  proteins 
are  involved  in  TGF-p-induced  transcription  of  the  PAI-1 
gene.  AP-1  binding  sites  as  well  as  an  E-box  sequence 
have  been  implicated  in  TGF-p-induced  transcription  of 
the  PAI-1  gene  (Keeton  et  al.  1991;  Riccio  et  al.  1992), 
However,  little  is  known  about  how  transcription  factors 
in  concert  with  Smad  proteins  stimulate  TGF-P-depen- 
dent  PAI-1  transcription. 

We  developed  a  novel  expression  cloning  system  in¬ 
volving  an  engineered  TGF-p  responsive  cell  line  and  a 
retroviral  cDNA  library.  Using  this  system,  we  cloned  a 
transcription  factor,  TFE3,  which  when  ectopically  ex¬ 
pressed  activates  TGF-p-induced  expression  of  the  PAI-1 
gene.  We  identified  two  E-box  DNA  sequences  in  the 
natural  PAI-1  promoter  that  specifically  bind  to  TFE3. 
Ectopic  expression  of  TFE3  increases  TGF-p-dependent 
expression  of  a  reporter  gene  driven  by  a  natural  PAI-1 
promoter  fivefold,  whereas  mutation  of  the  E-box  se¬ 
quence  in  a  fragment  of  the  PAI-1  promoter  completely 
abolishes  TGF-p-inducible  transcription.  Moreover,  we 
showed  that  TFE3  and  Smad3  and  Smad4  synergize  in 
enhancing  TGF-p -dependent  transcription  from  this 
minimal  56-bp  promoter  fragment,  a  synergy  strictly  de¬ 
pendent  on  the  phosphorylation  of  serine  residues  at  the 
carboxyl  terminus  of  Smad3.  Furthermore,  we  show  that 
within  a  36-bp  PAI-1  promoter,  a  complex  of  Smad3  and 
Smad4  bind  to  a  sequence  adjacent  to  the  TFE3-binding 
site.  Binding  of  this  DNA  by  a  Smad3-Smad4  complex 
requires  phosphorylation  of  the  carboxyl  terminus  of 
Smad3,  and  binding  of  both  TFE3  and  Smad  proteins  to 
this  promoter  is  essential  for  TGF-p-inducible  transcrip¬ 
tion.  Together,  our  data  show  that  TFE3  and  Smad  pro¬ 
teins  synergistically  cooperate  in  transcription  of  at  least 
one  TGF-P-inducible  gene. 


Results 

Isolation  of  cell  clones  with  constitutive  TGF-p 
signaling  on  infection  with  a  retroviral  cDNA  library 

To  identify  proteins  that  participate  in  the  TGF-p-in- 
duced  transcription  of  the  PAI-1  gene,  we  established  an 
expression  cloning  system  involving  an  engineered  cell 
line  and  a  high  titer  retroviral  cDNA  library.  Our  expres¬ 
sion  cloning  strategy  was  based  on  the  finding  that  over¬ 
expression  of  either  Smad2  or  Smad3  alone  or  together 
with  Smad4  induces  TGF-p  responses  in  the  absence  of 


ligand  (Y.  Chen  et  al.  1996;  Lagna  et  al.  1996;  Zhang  et  al. 
1996;  X.  Liu  et  al.  1997);  thus  overexpression  of  other 
proteins  in  the  TGF-p-signaling  pathway  might  also  in¬ 
duce  transcription  of  genes  normally  activated  by  TGF- 
p.  To  infect  the  engineered  TGF-p-responsive  BAH-gpt 
(guanosine  phosphoribosyl  transferase)  cells  (Hocevar 
and  Howe  1996)  with  a  retroviral  cDNA  library,  we  sta¬ 
bly  introduced  into  the  cells  the  cDNA  encoding  the 
receptor  for  the  ecotropic  murine  Moloney  retrovirus 
(Baker  et  al.  1992).  Growth  of  the  resulting  BAH-ER3 
cells,  like  parental  BAH-gpt  cells,  was  not  inhibited  by 
TGF-P  but  transcription  of  the  PAI-1  gene  was  fully  in¬ 
ducible  by  TGF-p.  These  cells  are  deficient  in  hypoxan- 
thine  phosphoribosyl  transferase  (HPRT),  but  contain 
the  bacterial  gpt  gene  under  the  control  of  3TP,  an  arti¬ 
ficial  TGF-p  inducible  promoter  (Wrana  et  al.  1992;  Ho¬ 
cevar  and  Howe  1996)  (Fig.  1).  Thus,  BAH-ER3  cells  grow 
in  HAT  medium  only  in  the  presence  of  TGF-p.  In  con¬ 
trast,  addition  of  6-thioguanine  (6-TG)  to  normal  me¬ 
dium  kills  the  cells,  but  only  in  the  presence  of  TGF-p, 
as  gpt  converts  6-TG  to  a  toxic  product  (Fig.  1). 

Two  million  BAH-ER3  cells  were  infected  with  a  ret¬ 
roviral  cDNA  library  prepared  from  HPRT-deficient 
HT1080  cells,  and  grown  in  HAT  medium  in  the  absence 
of  TGF-p.  After  2  weeks,  we  isolated  12  HAT-resistant 
clones.  We  reasoned  that  if  overexpression  of  a  particular 
cDNA  caused  the  HAT-resistant  phenotype,  then  we 
could  rescue  the  cDNA  sequence  by  packaging  of  the 
retroviral  RNA  by  the  Gag,  Pol,  and  Env  proteins  derived 
from  superinfecting  wild-type  Moloney  retroviruses 
(Rasheed  1995).  The  rescued  retrovirus  transducing  the 
cDNA  should  allow  transfer  of  the  HAT-resistant  phe¬ 
notype  to  fresh  BAH-ER3  cells.  Retroviruses  produced  by 
3  of  the  12  lines,  including  HATR4  and  HATR7  cells, 
caused  BAH-ER3  cells  to  acquire  the  ability  to  grow  in 
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Figure  1.  TGF-p-regulated  growth  of  BAH-ER3  cells  in  the 
presence  of  drug  selection.  On  day  0,  BAH-ER3  cells  were 
seeded  at  a  density  of  5  x  10"^  cells /well  in  a  six- well  plate  in 
DMEM  containing  10%  fetal  calf  serum,  100  U/ml  penicillin 
and  100  pg/ml  streptomycin.  On  day  1,  the  cells  were  switched 
to  medium  with  lx  HAT  or  6-TG  (30  pg/ml)  with  or  without 
200  pM  TGF-p  as  indicated.  On  day  9,  the  growing  cells  were 
stained  with  crystal  violet.  (TRE)  Phorbol  ester  TPA  response 
element;  (gpt)  guanosine  phosphoribosyl  transferase. 
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Figure  2.  Isolation  of  a  HAT-resistant  cell  clone  that  activates 
the  TGF-p-inducible  3TP  promoter  in  the  absence  of  TGF-p.  (A) 
After  infection  of  BAH-ER3  cells  with  a  retroviral  cDNA  li¬ 
brary,  the  cells  were  grown  in  FIAT  medium  for  2  weeks.  A 
FFAT-resistant  clone,  HATR4,  was  isolated,  and  then  infected 
with  wild-type  Moloney  retrovirus;  the  supernatant  containing 
the  rescued  retrovirus  was  used  to  infect  normal  BAH-ER3  cells 
as  described  in  Materials  and  Methods.  Infected  cells  were  also 
subjected  to  HAT  selection  and  the  resulting  HAT-resistant 
cells,  HATR4-Res  cells,  were  isolated.  BAH-ER3,  HATR4,  and 
HATR4-Res  cells  were  plated  at  5  x  10"^  cells /well  in  a  6 -well 
plate;  HAT  medium  or  6-TG  medium  was  added  as  indicated, 
and  cells  were  incubated  for  10  days  in  the  absence  of  TGF-p. 
Growing  cells  were  stained  with  crystal  violet.  |B)  On  day  0,  10^ 
cells  were  plated  in  each  well  of  a  12- well  plate.  On  day  2,  the 
cells  in  each  well  were  transfected  with  2  pg  of  3 APP-Luc  DNA 
and  0.5  pg  of  pSV|3,  After  overnight  culture  the  cells  were 
switched  to  serum-free  medium  with  (■)  or  without  (□)  200  pM 
TGF-p  as  indicated,  and  then  incubated  for  20  hr  before  being 
harvested  for  luciferase  and  p-galactosidase  assays  as  described 
in  Materials  and  Methods.  Luciferase  activities,  plotted  in  arbi¬ 
trary  units,  have  been  normalized  to  p-galactosidase  activity. 
Each  value  represents  an  average  of  duplicate  samples,  and  the 
error  bar  denotes  the  standard  deviation  of  the  duplicates. 


HAT  medium  in  the  absence  of  TGF-p  and  to  be  killed  in 
normal  medium  in  the  presence  of  6-TG  (Fig.  2A). 

The  HAT-resistant  HATR4-Res  cells  were  derived 
from  the  BAH-ER3  cells  infected  with  the  retrovirus  res¬ 
cued  from  HATR4  cells  (Fig.  2A).  If  constitutive  expres¬ 
sion  of  the  gpt  gene  is  caused  by  constitutive  activation 
of  the  TGF-p-inducible  promoter  upstream  of  the  gpt 
gene,  then  we  expect  that  a  similar  TGF-P-inducible  pro¬ 
moter  in  a  luciferase  reporter  construct  should  drive  ex¬ 


pression  of  luciferase  even  in  the  absence  of  TGF-p.  To 
test  this  hypothesis,  we  transfected  a  TGF-p-inducible 
luciferase  reporter  construct,  3APP-Luc,  into  parental 
BAH-ER3  cells,  HATR4  cells,  and  the  rescued  HATR4- 
Res  cells  (Fig.  2B).  In  BAH-ER3  cells,  expression  of  the 
TGF-p-inducible  3APP~Luc  is  low  in  the  absence  of 
TGF-p  and  induced  sevenfold  by  TGF-p.  In  contrast,  in 
the  absence  of  TGF-p  expression  of  3APP-Luc  is  much 
higher  in  both  HATR4  and  HATR4-Res  cells  than  that 
in  BAH-ER3  cells.  Addition  of  TGF-p  has  little  effect  on 
expression  of  the  reporter  gene  in  HATR4  cells.  In 
HATR4-Res  cells,  which  may  contain  multiple  copies  of 
the  retroviral  genome,  TGF-p  stimulates  reporter  gene 
expression  threefold  (Fig.  2B).  These  results  suggest  that 
a  retrovirus-introduced  cDNA  is  responsible  for  HAT  re¬ 
sistance  as  well  as  constitutive  expression  of  the  nor¬ 
mally  TGF-p-inducible  reporter  gene. 


Cloning  of  TFE3  from  the  cell  clone 
with  constitutive  TGF-p  signaling 

To  clone  the  cDNA  responsible  for  the  FlAT-resistant 
phenotype  of  HATR4  cells  by  use  of  PGR,  we  amplified 
genomic  DNA  with  a  pair  of  oligonucleotides  flanking 
the  multiple  cloning  site  in  the  retroviral  vector.  A 
single  2.7-kb  DNA  fragment  was  amplified  from  the  ge¬ 
nomic  DNA  of  HATR4  cells,  but  not  from  control  BAH- 
ER3  cells  (data  not  shown).  Sequencing  of  this  DNA  frag¬ 
ment  indicates  that  it  encodes  the  full-length  transcrip¬ 
tion  factor  pE3  (TFE3),  a  ubiquitously  expressed  basic 
helix-loop-helix  transcription  factor  originally  isolated 
as  a  factor  binding  to  the  E-box  sequence  (CACGTG)  in 
the  enhancer  of  an  immunoglobulin  gene  (Beckmann  et 
al.  1990;  Zhao  et  al.  1993).  A  1.9-kb  cDNA  encoding  the 
full-length  TFE3  was  also  cloned  from  HATR7  cells  (data 
not  shown). 


TFE3  enhances  TGF -^-dependent  activation 
of  the  PAI-1  promoter 

To  determine  whether  TFE3  activates  the  expression  of 
the  luciferase  reporter  gene  driven  by  the  natural  PAI-1 
promoter,  which  is  well  induced  by  TGF-p  (Keeton  et  al. 
1991;  Westerhausen  et  al.  1991;  Riccio  et  al.  1992),  we 
transfected  PAI-Luc  into  BAH-ER3  cells.  Coexpression 
of  TFE3  enhanced  TGF-p-independent  expression  of  PAJ- 
-Luc  less  than  twofold  (Fig.  3B).  Importantly,  cotransfec¬ 
tion  of  TFE3  enhanced  PAI-1  promoter  activity  fivefold 
in  the  presence  of  TGF-p.  This  suggests  that  TFE3  is 
involved  in  TGF-p-induced  transcription  of  the  PAI-1 
gene. 

To  identify  the  minimal  element(s)  in  the  PAI-1  pro¬ 
moter  that  are  responsive  to  both  TFE3  and  TGF-p,  we 
tested  the  activity  of  three  fragments  of  the  full-length 
PAI-1  promoter.  Figure  4B  shows  that  activity  of  frag¬ 
ment  PFl  (bases  -794  to  -532)  of  the  PAI-1  promoter, 
which  contains  two  perfect  TFE3 -binding  E-box  se¬ 
quences  (CACGTG),  is  stimulated  fivefold  by  TGF-p. 
Notably,  coexpression  of  TFE3  enhances  PF-1  promoter 
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Figure  3.  TFE3  activates  the  PAI-1  promoter  in  a  TGF-p-de- 
pendent  fashion.  [A]  A  diagram  of  the  lucif erase  reporter  genes 
driven  by  various  promoters.  The  three  tandem  repeats  of  a  7-bp 
API-binding  site  [(stippled  box)  TGA(G/C)TCA]  separated  by 
sinXbal  site  were  inserted  upstream  of  -740  to  -644  fragment  of 
the  PAI-1  promoter  (open  box)  in  the  3APP-Luc  construct. 
FiencC;  the  short  API -binding  sequence  was  used  to  replace  the 
32-bp  fragment  containing  an  API -binding  sequence  in  the  3TP 
promoter  (Wrana  et  al.  1992)  to  eliminate  the  potential  influ¬ 
ence  of  sequences  other  than  the  API -binding  site.  {B)  Activa¬ 
tion  of  PAJ-Luc  expression  by  TFE3  is  dependent  on  TGF-p. 
BAH-ER3  cells  were  transfected  as  described  in  Fig.  2B.  Each 
well  received  1.5  pg  of  reporter  gene,  0.5  pg  of  pSVp,  and  also  1 .0 
pg  of  plasmid  encoding  TFE3  as  indicated.  The  total  amount  of 
DNA  per  well  was  adjusted  to  3.0  pg.  Transfected  cells  were 
treated  with  (■)  or  without  (□)  TGF-(3,  and  processed  for  both 
luciferase  and  (3-galactosidase  assays  as  described  in  Fig.  2B. 


activity  dramatically  in  the  presence  of  TGF-|3  but  only 
slightly  in  the  absence  of  TGF-p.  In  contrast,  segments 
PF2  and  PF3,  containing  bases  -552  to  -194  and  -214  to 
-1-29,  respectively,  are  not  responsive  to  TGF-p  and  are 
unaffected  by  TFE3  overexpression  (Fig.  4B).  Subdivision 
of  the  PFl  promoter  into  smaller  pieces  showed  that  at 
least  two  subfragments,  PEI  and  PE2,  each  of  which  con¬ 
tains  one  E  box,  are  responsive  to  TGF-p;  this  experi¬ 
ment  (Fig.  4C)  was  done  by  use  of  Fiep  G2  cells  because 
we  found  that  the  expression  of  these  luciferase  reporter 
genes  were  more  regulatable  by  TGF-p  in  this  cell  line. 
The  higher  level  of  expression  of  PFl -Luc  compared 


with  PEI -Luc  and  PE2-Luc  is  probably  the  result  of  the 
effect  of  tandem  repeats  of  PEI  and  PE2  in  the  PFl  pro¬ 
moter  fragment. 


E  box,  the  TFE3-binding  sequence,  is  essential 
for  TGF-fi-induced  activation  of  the  PE2  promoter 

Each  of  the  two  TGF-P-responsive  elements,  PEI  and 
PE2,  contains  a  perfect  E-box  sequence.  We  tested  the 
importance  of  the  E  box  in  the  PE2  promoter  by  trans¬ 
fecting  luciferase  reporter  genes  driven  by  the  wild-type 
PE2  promoter  (PE2-Luc)  or  a  promoter  with  the  mutant 
E  box  (PmE2-Luc,  CACGTG  — >  acCGac)  (Fig.  5A).  All 
activity  of  the  PE2  promoter  was  dependent  on  the  pres¬ 
ence  of  a  functional  E  box,  because  the  mutant  was  in¬ 
active.  In  contrast,  activity  of  the  wild-type  PE2  pro¬ 
moter  was  stimulated  fourfold  by  TFE3  in  the  presence 
of  TGF-p  (Fig.  5B).  This  result  is  consistent  with  a  pre¬ 
vious  report  showing  that  the  E-box  sequence  in  the  PE2 
fragment  of  the  PAI-1  promoter  is  critical  for  TGF-P- 
induced  transcription  of  the  PAI-1  gene  (Riccio  et  al. 
1992). 

The  gel- shift  assay  in  Figure  5C  shows  that  TFE3  syn¬ 
thesized  in  vitro  binds  to  a  ^^P-labeled  PE2  DNA  probe 
(Fig.  5,  lane  2).  Binding  was  competed  completely  by  un- 
labeled  wild-type  PE2  oligonucleotides  (Fig.  5,  lane  3)  but 
not  by  oligonucleotides  bearing  a  scrambled  mutation  in 
the  E-box  sequence  (CACGTG  — >  acCGac;  Fig.  5,  lane  4). 
Together,  these  data  suggest  that  the  E-box  sequence  in 
the  PE2  promoter  is  essential  for  the  binding  of  TFE3  to 
the  promoter  as  well  as  for  TFE3-  and  TGF-p-dependent 
activation  of  the  promoter. 


TFE3  and  Smad3-Smad4  synergize 
in  TGF-^- dependent  transcription 

The  data  in  Figure  6A  show  that  TFE3  synergizes  with 
Smad3  in  enhancing  TGF-p-dependent  activation  of  the 
PE2  PAI-1  promoter.  We  transfected  Fiep  G2  cells  with 
the  PE2-Luc  reporter  and  various  Smad  constructs. 
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Figure  4.  Identification  of  small  subfragments,  PEI  and  PE2,  of  the  PAI-1  promoter  that  are  activated  by  TFE3  and  TGF-p.  [A]  A 
diagram  of  the  reporter  constructs.  (Open  bars)  PAI-1  promoter;  (arrowhead)  E-box  sequence  (CACGTG).  BAH-ER3  cells  [B]  and  Hep 
G2  cells  (C)  were  transfected  and  the  luciferase  and  p-galactosidase  assays  were  carried  out  as  detailed  in  Fig.  3B.  (□)  Without  TGF-p; 
(■)  with  TGF-p. 
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Transfection  of  either  SmadS  or  Smad4  or  both  together 
had  little  effect  on  the  PE2  promoter  activity,  either  in 
the  absence  or  presence  of  TGF-p.  Transfection  of  a 
small  amount  of  TFE3  plasmid  DNA  alone  slightly 
stimulated  the  PE2  promoter  activity  in  the  presence  of 
TGF-p.  Importantly,  cotransfection  of  TFE3  and  Smad3, 
or  TFE3,  Smad3,  and  Smad4  together,  markedly  stimu¬ 
lated  the  PE2  promoter  activity  in  the  presence  of  TGF- 
p.  In  contrast,  only  a  slight  stimulation  was  observed  in 
the  absence  of  TGF-p.  The  reporter  construct  PmE2-Luc, 
containing  a  mutant  E  box,  was  inactive  even  after  co¬ 
transfection  of  TFE3,  Smad3,  and  Smad4  and  stimulation 
with  TGF-p. 

TGF-p  induces  phosphorylation  of  the  serine  residues 
at  the  carboxyl  terminus  of  Smad3.  Phosphorylation  is 
essential  for  signaling  because  overexpression  of  the  mu¬ 
tant  Smad3A,  in  which  the  three  carboxy-terminal 
serines  are  changed  to  alanines,  blocks  the  ability  of 
TGF-P  to  inhibit  cell  division  and  stimulate  the  PAI-1 
promoter  (X.  Liu  et  al.  1997).  Consistent  with  these  ob¬ 
servations,  Smad3A  had  little  effect  on  the  PE2  promoter 
activity,  either  in  the  absence  or  presence  of  TFE3  or 
TGF-p  (Fig.  6B).  Taken  together,  these  results  show  a 
functional  synergy  between  TFE3  and  phosphorylated 
Smad3  in  activation  of  the  PE2  promoter. 
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Figure  5.  The  E-box  sequence  is  essential  for  TFE3 -mediated 
and  TGF-p-dependent  activation  of  the  PE2  fragment  of  the 
PAI-1  promoter.  (A)  The  sequence  of  the  PE2  promoter.  [B]  Hep 
G2  ceils  were  transfected  with  1  pg  of  PE2-Luc  or  PmE2-Luc 
DNA  (CACGTG  ^  acCGac),  1  pg  of  pSVp,  and  also  1.0  pg  of 
plasmid  encoding  TFE3  as  indicated.  Transfected  cells  were 
treated  with  (■)  or  without  (□)  TGF-p,  processed,  and  assayed  as 
described  in  Fig.  3B.  (C)  TFE3  was  synthesized  in  vitro  from 
pET~TFE3  by  the  TNT  T7  Coupled  Reticulocyte  Lysate  System 
(Promega).  Gel-shift  reactions  contained  3  pi  of  the  in  vitro 
TFE3  translation  reaction  and  1  pi  of  (4  x  10^  cpm)  of  ^^P-labeled 
PE2  DNA  probe.  Reactions  in  lanes  3  and  4  contained  a  50-fold 
excess  of  wild  type  or  mutant  PE2  oligonucleotides,  respec¬ 
tively. 


A 


Figure  6.  Synergy  between  TFE3  and  Smad3  in  the  activation 
of  the  PE2  promoter.  (A)  Hep  G2  cells  were  transfected  as  de¬ 
scribed  in  the  legend  to  Fig.  5A.  The  following  plasmids  were 
used  in  transfection  as  indicated:  0.5  pg  of  plasmid  encoding 
TFE3,  1  pg  of  plasmid  encoding  Smad3,  and  1  pg  of  plasmid 
encoding  Smad4;  every  well  received  1  pg  of  PE2-Luc  and  0.2  pg 
of  pCMV-p-gal.  The  total  amount  of  DNA  was  adjusted  to  3.7 
pg  per  well  with  pcDNAS.  (E)  Hep  G2  cells  were  transfected 
with  the  following  plasmids:  0.5  pg  of  TFE3,  1  pg  of  Flag-N- 
Smad3  or  Flag-N-Smad3A;  every  well  received  1  pg  of  PE2-Luc 
and  0.2  pg  of  pCMV-p.  The  total  amount  of  DNA  per  well  was 
adjusted  to  3.7  pg  with  a  control  plasmid,  pEXL-GFP.  The  cells 
were  transfected,  treated  with  {■)  or  without  (□)  TGF-^,  and 
assayed  as  described  for  panel  A. 


Smad  4  and  phosphorylated  but  not  unphosphorylated 
SmadS  together  bind  to  the  PE2.1  element 
of  the  PAI-1  promoter 

The  PE2  fragment  of  the  PAI-1  promoter,  bases  -583  to 
-528,  contains  a  perfect  E  box  at  -561  to  -556.  As  de¬ 
tailed  below,  we  surmised  that  a  Smad3-Smad4  complex 
binds  to  nucleotides  within  -583  to  -528;  thus,  we  tested 
the  PE2.1  probe,  containing  two  tandem  segments  of 
DNA  spanning  bases  -586  to  -551  of  the  PAI-1  pro¬ 
moter.  The  gel-shift  experiment  in  Figure  7 A  shows  that 
a  complex  of  Smad4  and  phosphorylated  Smad3  binds  to 
this  DNA  fragment.  In  this  study  we  transfected  Bosc23 
cells  with  plasmids  encoding  Smad4  and/or  Flag- tagged 
Smad3,  together  with  the  constitutively  active  type  I 
TGF-p  receptor,  TPRI-T204D.  Lysates  from  transfected 
cells  were  then  incubated  with  the  ^^P-labeled  PE2.1 
probe  and  analyzed  on  a  native  polyacrylamide  gel 
(Fig.  7). 
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Figure  7.  Smad3  and  Smad4  together  bind  to  the  PE2.1  ele¬ 
ment  of  the  PAI-1  promoter.  (A)  Bosc23  cells  were  transfected  as 
described  in  Materials  and  Methods;  cells  in  each  dish  were 
transfected  with  2  pg  of  plasmid  encoding  Flag-N-Smad3  or 
Smad4  (pEXL-Smad4),  and  1  pg  of  plasmid  encoding  T|3RI-KR 
(pCMV5-T|3RI-KR)  or  TpRI-T204D  (pCMV5-TpRI-T204D)  as 
indicated.  The  total  amount  of  DNA  for  each  dish  was  adjusted 
to  5  pg  with  pEXL-GFP.  The  gel-shift  assay  at  top  was  carried 
out  with  the  ^^P-labeled  probe  and  1  pi  of  cell  lysate  as  described 
in  Materials  and  Methods,  and  exposed  to  a  Fuji  Phosphorlm- 
ager  plate.  The  minor  lower  band  in  lane  12  at  top  probably 
represents  Smad3  and  Smad4  protein  binding  to  only  one  of  the 
two  tandem  repeats  of  the  PE2.1  element.  {Middle,  bottom)  Im- 
munoblots  with  5  pi  (150  pg  of  proteins)  of  cell  lysates  in  each 
lane  that  were  blotted  with  an  anti-Flag  M2  antibody,  recogniz¬ 
ing  the  Flag  epitope-tagged  Smad3,  and  with  an  anti-Smad4  an¬ 
tibody,  respectively,  as  described  in  Materials  and  Methods.  As 
indicated,  the  levels  of  expression  of  Smad4  were  the  same  in  all 
cases  (lanes  3,4,7,8,11,12]  as  were  those  of  the  Flag-tagged 
Smad3  (lanes  2,4,6,8,10,12],  [B]  Cell  lysates  containing  both 
Smad4  and  the  Flag-tagged  Smad3  were  incubated  with  ^^P- 
labeled  PE2.1  DNA,  followed  by  addition  of  1  pi  of  an  irrelevant 
control  antibody  or  preimmune  serum  (lanes  2,4]  or  the  anti- 
Flag  antibody  (anti-Smad3)  (lane  3)  and  the  anti-Smad4  antibody 
(lane  5),  followed  by  gel  electrophoresis  as  described  in  Materi¬ 
als  and  Methods. 
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Only  lysates  from  cells  expressing  SmadS,  Smad  4,  and 
the  active  TpRI-T204D  bound  this  PE2.1  element  (Fig. 
7A,  lane  12);  lysates  from  cells  transfected  with  either 
Smads  or  Smad4  failed  to  bind  (Fig.  7 A,  lanes  10,11), 
indicating  that  a  complex  of  Smad  3  and  Smad4  is  bind¬ 
ing  to  this  probe.  This  gel-shifted  complex  can  be  super- 
shifted  by  either  an  anti-Flag  antibody,  recognizing  the 
epitope-tagged  SmadS,  or  by  an  anti-Smad4  antibody 
(Fig.  7B,  lanes  3,5),  but  not  by  control  antibodies  (Fig.  7B, 
lanes  2,4),  confirming  the  presence  of  both  SmadS  and 
Smad4  in  the  complex.  Figure  7A,  lanes  4-8  provide  ad¬ 
ditional  controls,  showing  that  cells  transfected  with  a 
kinase-deficient  type  I  receptor  fail  to  generate  a  func¬ 
tional  DNA-binding  complex.  Furthermore,  cotransfec¬ 
tion  of  cells  with  TPRI-T204D,  Smad4,  and  the  mutant 
SmadSA  did  not  yield  a  complex  capable  of  binding  the 
PE2.1  probe  (Fig.  8,  lane  6).  Dennler  et  al.  (1998)  reported 
that  GST  fusion  proteins  of  both  full-length  Smad4  and 
the  amino-terminal  half  of  SmadS  independently  and  di¬ 
rectly  bind  to  multiple  CAGA  sequences  derived  from 
the  PAI-1  promoter.  There  is  one  CAGA  sequence  in  the 
PE2.1  fragment.  In  contrast,  our  experiments  show  that 
binding  of  Smad3  and  Smad4  to  the  36-bp  PE2.1  pro¬ 
moter  fragment  depends  on  the  presence  of  the  consti- 


T3R1- 

T204D 

+ 

+ 

+ 

+ 

+ 

+ 

Flag-N- 

Smad3 

- 

+ 

- 

- 

+ 

- 

Flag-N- 

Smad3A 

- 

- 

+ 

- 

- 

+ 

Smad4 

- 

- 

- 

+ 

+ 

+ 

Lane 

1 

2 

3 

4 

5 

6 

SmadS  &4 


_  Free 
Probe 

-Smad3/3A 


Figure  8.  Phosphorylation  of  Smad3  at  the  carboxyl  terminus 
is  essential  for  binding  of  Smad3  and  Smad4  to  the  PE2. 1  ele¬ 
ment  of  the  PAI-1  promoter.  Bosc23  cells  were  transfected  with 
the  constitutively  active  T(BRI~T204D,  Smad4,  and  wild-type 
Smad3  or  mutant  Smad3A  as  described  in  Fig.  7.  [Top]  Results  of 
a  gel  shift  assay.  [Middle,  bottom]  Immunoblots  with  5  pi  (150 
pg  of  protein)  of  cell  lysates  in  each  lane  that  were  blotted  with 
an  anti-Flag  M2  antibody,  recognizing  the  Flag  epitope-tagged 
Smad3,  and  with  an  anti-Smad4  antibody,  respectively,  as  de¬ 
scribed  in  the  legend  to  Fig  7 A. 
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Figure  9.  Both  the  Smad3-Smad4  binding  site  and  the  TFE3 
binding  site  are  essential  for  TGF-p-induced  activation  of  the  36 
nucleotide  PE2.1  element  of  the  PAI-1  promoter.  {A)  The  se¬ 
quences  of  one  of  the  two  identical  repeats  of  the  wild-type  and 
two  mutant  PE2.1  elements.  [B]  Lysate  from  cells  overexpress- 
ing  TpRI-T204D,  SmadS,  and  Smad4  as  described  in  Fig.  7  were 
incubated  with  radiolabeled  PE2.1  DNA  alone  (lane  2)  or  in  the 
presence  of  unlabeled  PE2.1  (lane  3)  or  mutant  PE2.1S'"  oligo¬ 
nucleotides  (lane  4),  followed  by  gel  electrophoresis.  Both  the 
radiolabeled  DNA  and  the  competing  DNA  contained  two  tan¬ 
dem  repeats  of  the  corresponding  sequence.  (C)  Lucif erase  re¬ 
porter  genes  driven  by  two  tandem  repeats  of  either  the  PE2.1, 
PE2.1S™,  or  PE2.1  E”’  elements  were  transfected  into  Hep  G2 
cells,  and  luciferase  assays  were  carried  out  as  described  in  Ma¬ 
terials  and  Methods.  (■)  With  TGF-P;  (□)  without  TGF-p. 


tutively  active  type  I  receptor,  and  that  the  complex  con¬ 
tains  Smad4  and  phosphorylated  Smad3. 


Binding  of  TFE3  and  Smad3-Smad4  to  adjacent  sites 
in  the  36  bp  of  the  PE2.1  element  induces 
TGF-p- dependent  transcription 

Figure  9  shows  that  TFE3  and  the  complex  of  Smad4  and 
phosphorylated  Smad3  bind  to  adjacent  sequence  of  the 
PE2.1  promoter,  and  that  both  binding  sites  are  essential 


for  TGF-p-induced  promoter  activity.  This  experiment 
compares  the  activity  of  wild-type  PE2.1  DNA  (-586  to 
-551)  with  that  of  its  two  mutant  versions,  namely  a 
mutation  in  the  potential  Smad3  and  Smad4  binding 
site,  PE2.1S"^,  and  a  mutation  in  the  E  box,  PE2.1E”^  (Fig. 
9A).  Lysates  from  cells  overexpressing  Smad4  and  phos¬ 
phorylated  Smad3  form  a  gel-shifted  band  with  radiola¬ 
beled  PE2.1  DNA  (Fig.  9B,  lane  2)  that  is  blocked  by  an 
excess  of  unlabeled  PE2.1  DNA  (Fig.  9B,  lane  3),  but  not 
by  unlabeled  PE2.1S^  DNA  (Fig.  9B,  lane  4).  This  indi¬ 
cates  that  at  least  part  of  the  sequence  5'-CCTAGAC-3', 
located  3  nucleotides  in  front  of  the  E-box  sequence,  is 
bound  by  the  complex  of  Smad4  and  activated  Smad3. 

Figure  9C  shows  that  two  tandem  repeats  of  the  PE2.1 
sequence,  inserted  upstream  of  a  luciferase  reporter  gene, 
forms  a  functional  TGF-p -inducible  promoter.  Mutation 
of  the  E  boxes  in  this  sequence  inactivated  promoter  ac¬ 
tivity,  both  in  the  presence  and  absence  of  TGF-p.  In 
contrast,  mutation  of  the  Smad  binding  site,  PE2.1S”^, 
had  no  effect  on  basal  (TGF-p-independent)  promoter  ac¬ 
tivity,  but  abolished  the  ability  of  TGF-P  to  stimulate 
transcription. 

Together,  these  experiments  indicate  that  both  the 
Smad3-Smad4-binding  site  and  the  TFE3 -binding  site  in 
PE2.1,  the  36-bp  TGF-p-inducible  PAI-1  promoter,  are 
essential  for  TGF-p-induced  gene  activation,  suggesting 
that  TFE3  synergizes  with  the  Smad3-Smad4  protein 
complex  in  TGF-p  signaling  by  binding  to  adjacent  sites 
in  the  promoter.  The  gel-shift  experiment  in  Figure  10 
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Figure  10.  Both  TFE3  and  Smad3-Smad4  bind  to  the  PE2.1 
promoter  fragment  of  the  PAI-1  promoter.  TFE3  was  synthe¬ 
sized  in  vitro  with  a  Promega  TNT  kit  as  instructed  by  the 
manufacturer.  In  vitro  synthesized  TFE3  (2  pi;  lanes  2,3),  and/or 
lysates  from  cells  overexpressing  T3RI-T204D,  Smad3,  and 
Smad4  (1  pi;  lanes  3,4)  were  incubated  with  radiolabeled  PE2.1 
DNA  before  gel  electrophoresis.  (Lanes  1,4)  Contained  2  pi  of 
control  reticulocyte  lysate;  (lanes  1,2)  contained  1  pi  of  lysate 
from  mock-transfected  cells.  The  lower  band  in  lane  3  (TFE3  / 
Smad3  and  Smad4)  probably  contains  TFE3  and/or  a  Smad3- 
Smad4  complex  that  is  bound  to  one  of  the  two  identical  tan¬ 
dem  repeats  of  the  PE2.1  promoter  fragment  present  in  the 
probe. 
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supports  this  notion  by  showing  that  a  complex  of  TFE3 
and  Smad3-Smad4  bind  to  the  same  PE2.1  element. 
TFE3  was  generated  by  in  vitro  translation,  and  the  com¬ 
plex  of  Smad4  and  phosphorylated  Smad  3  was  produced 
in  transfected  cells.  TFE3  (Fig.  10,  lane  2)  generates  a 
single-shifted  band,  whereas  the  activated  Smad3- 
Smad4  (Fig.  10,  lane  4)  generate  two  shifted  bands.  A 
distinct,  slower-migrating  band  was  detected  in  the 
sample  containing  both  TFE3  and  the  activated  Smad3- 
Smad4  complex  (Fig.  10,  lane  3).  These  results  show  that 
both  TFE3  and  the  activated  Smad3-Smad4  complex 
bind  to  the  adjacent  sequences  of  the  same  36  nucleotide 
segment  of  the  PE2.1  promoter. 


Discussion 

TFE3  activates  TGF-fi-induced  transcription  by 
binding  to  the  E-box  sequence  in  the  PAI-1  promoter 

To  identify  proteins  that  mediate  TGF-p  induction  of  the 
PAI-1  promoter,  we  developed  an  expression  cloning 
strategy  utilizing  an  engineered  TGF-p-responsive  cell 
line  and  a  retroviral  cDNA  library.  Our  strategy  was 
based  on  the  demonstration  that  the  engineered  TGF-p- 
responsive  cell  line,  BAFi-gpt,  constructed  by  Hocevar 
and  Howe  (1996),  grows  in  HAT  medium  only  in  the 
presence  of  TGF-p.  In  this  sense,  TGF-p  was  converted 
from  a  growth-inhibitory  factor,  its  normal  function, 
into  a  growth-promoting  hormone.  Our  strategy  also 
made  use  of  the  observation  that  retroviruses  deliver  re¬ 
combinant  DNA  sequences  into  the  genome  of  recipient 
cells  at  a  very  high  efficiency  (Kitamura  et  al.  1995),  and 
that  the  ecotropic  retrovirus  receptor  is  essential  and  suf¬ 
ficient  for  infection  of  cells  by  murine  retroviruses 
(Baker  et  al.  1992). 

Using  this  approach,  we  cloned  the  transcription  fac¬ 
tor,  TFE3,  which  slightly  activates  transcription  of  the 
PAI-1  gene  in  the  absence  of  TGF-p  but  strongly  poten¬ 
tiates  the  ability  of  TGF-p  to  induce  transcription  (Figs. 
3,4).  TFE3  has  not  been  implicated  previously  in  TGF-p 
signaling.  It  was  isolated  previously  by  screening  a  phage 
expression  library  with  a  ^^P-labeled  E  box- containing 
sequence  from  the  immunoglobulin  heavy  chain  gene, 
and  is  ubiquitously  expressed  (Beckmann  et  al.  1990; 
Zhao  et  al.  1993). 

Several  lines  of  evidence  suggest  that  TFE3  plays  a 
critical  role  in  activating  TGF-P-dependent  transcription 
of  the  PAI-1  gene.  First,  cotransfection  of  TFE3  and  a 
reporter  gene  containing  -800  bp  of  the  natural  PAI-1 
promoter  enhances  expression  of  the  reporter  gene  five¬ 
fold  in  the  presence  of  TGF-p  (Fig.  3B).  Second,  serial 
truncation  of  the  PAI-1  promoter  identified  36-  to  56-bp 
segments  that  are  responsive  to  both  TGF-p  addition  and 
overexpression  of  TFE3  (Figs.  4,  5,  9C),  and  these  ele¬ 
ments  contain  an  E-box  sequence.  Moreover,  mutation 
of  the  E-box  sequence  in  either  the  56-bp  PE2  promoter 
or  the  36-bp  PE2.1  promoter  abolished  TGF-p-induced 
transcription  as  well  as  its  binding  to  TFE3  (Figs.  5  and 
9C).  Third,  Smad3,  a  critical  signal  transducer  in  TGF-P 
signaling,  synergizes  with  TFE3  in  TGF-p-induced  tran¬ 


scription  (Fig.  6A)  and  mutation  (Smad3A)  of  the  TGF- 
P -inducible  phosphorylation  sites  in  Smad3  abolished  its 
ability  to  activate  transcription  (Fig.  6B).  Fourth,  USFl,  a 
basic  helix-loop-helix  transcription  factor  that  also 
binds  the  E-box  sequence  (Beckman  et  al.  1992),  acti¬ 
vated  transcription  of  a  luciferase  gene  driven  by  the 
PE2.1  promoter  in  BAH-ER3  cells,  but  transcription  of 
the  reporter  gene  was  no  longer  regulated  by  TGF-p  (data 
not  shown). 

Phosphorylation  of  Smad3  triggers  binding 
of  a  Smad3~Smad4  complex  to  a  sequence 
in  the  PAI-1  promoter  adjacent  to  the 
TFE3-binding  site 

Smad3  and  Smad4  together,  but  neither  alone,  bind  to 
the  36-bp  PE2.1  promoter.  A  prerequisite  for  formation 
of  this  DNA-binding  complex  is  that  the  cells  express  a 
constitutively  active  type  I  receptor  TpRI-T204D  (Fig. 
7).  The  constitutively  active  TpRI  phosphorylates 
Smad2  and  Smad3,  which  are  normally  phosphorylated 
by  the  wild- type  I  receptor  only  on  addition  of  TGF-p 
(Macias-Silva  et  al.  1996;  Abdollah  et  al.  1997;  Souchen- 
Inytskyi  et  al.  1997).  Nevertheless,  mutation  of  the  TGF- 
p -inducible  phosphorylation  sites  in  Smad3  abolished 
the  formation  of  a  complex  of  Smad3  and  Smad4  capable 
of  binding  to  the  PE2.1  sequence  (Fig.  8). 

Binding  of  the  PE2.1  promoter  by  Smad3  and  Smad4 
was  unaffected  by  mutation  of  the  E  box  (data  not 
shown),  but  was  abrogated  by  mutation  of  the  7-bp  se¬ 
quence  (5'-CCTAGAC-3')  located  3  bp  upstream  of  the  E 
box  (Fig.  9).  This  suggests  that  at  least  part  of  the  5'- 
CCTAGAC-3'  sequence  contains  the  Smad  binding  site. 
Dennler  et  al  (1988)  reported  GST  fusion  proteins  of  both 
full-length  Smad4  and  the  amino-terminal  half  of  Smad3 
directly  bind  to  the  GAGA  sequence  5'  to  the 
CCTAGAC  sequence  in  the  PE2.i  promoter.  In  contrast, 
our  evidence  suggests  that  phosphorylation  of  Smad3  not 
only  triggers  its  association  with  Smad4,  as  reported  pre¬ 
viously  (Nakao  et  al.  1997)  but  also  is  indispensable  for 
binding  to  the  PE2.1  element  and  subsequent  activation 
of  gene  transcription  (Figs.  6B  and  9C).  We  have  not  yet 
precisely  mapped  the  Smad  binding  site  in  this  promoter 
segment.  Phosphorylation  may  induce  exposure  of  the 
DNA-binding  domain  in  Smad3,  or  a  multimer  of  Smad4 
and  phosphorylated  Smad3  may  have  higher  affinity  for 
the  PE2.1  sequence  than  does  an  unphosphorylated 
Smad3  monomer. 

A  number  of  recent  reports  show  direct  binding  of 
Smad3  and  Smad4  to  specific  DNA  sequences,  but  these 
reports  disagree  on  the  consensus  binding  sequences 
(Yingling  et  al.  1997;  Dennler  et  al.  1998;  Vindevoghel  et 
al.  1998;  Zawel  et  al.  1998).  As  an  example,  Drosophila 
Mad  binds  to  the  consensus  sequence  GCCGnCGc  (Kim 
et  al.  1997);  whereas  human  Smad  3  and  Smad4  was  re¬ 
ported  to  preferentially  bind  to  GACACC  (Yingling  et  al. 
1997),  GTCTAGAC  (Zawel  et  al.  1998),  or  AG(C/ 
A)CAGACA  (Dennler  et  al.  1998);  the  latter  sequence  is 
also  present  in  the  PE2.1  element  in  the  PAI-1  promoter. 
Hence,  Smad3  and  Smad4  appear  to  bind  to  DNA  with  a 
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relative  but  not  absolute  specificity.  Multiple  tandem 
repeats  of  a  Smad-binding  sequence  are  required  for  TGF- 
p-induced  transcription  of  a  reporter  gene,  and  even  two 
tandem  repeats  of  the  GTCTAGAC  sequence  cannot 
support  TGF-p-induced  expression  of  a  luciferase  re¬ 
porter  gene  (Zawel  et  al.  1998).  These  observations  raise 
the  possibility  that  a  complex  of  multiple  Smad  proteins, 
together  with  other  transcription  factors  such  as  TFE3, 
are  required  for  maximal  TGF-p-inducible  transcription. 

Synergism  of  TFE3  and  Smad  proteins 
in  TGF-p-induced  gene  transcription  by  binding 
to  adjacent  sites  in  the  PAI-1  promoter 

TFE3  and  a  complex  of  Smad3  and  Smad4  bind  to  adja¬ 
cent  sites  in  the  36-bp  PE2.1  promoter  (Figs.  9  and  10), 
and  both  binding  sites  are  required  for  maximal  TGF-p- 
induced  gene  transcription  (Fig.  9C).  This  synergy  re¬ 
quires  TGF-p-induced  phosphorylation  of  the  carboxyl 
terminus  of  Smad3,  as  mutant  Smad3A,  lacking  the 
TGF-p-induced  phosphorylation  sites,  cannot  synergize 
with  TFE3  to  activate  TGF-p -dependent  transcription 
from  the  PE2.1  promoter  (Fig.  6B). 

The  model  for  TGF-p-induced  transcription  of  the 
PAI-1  gene  in  Figure  11  summarizes  our  results.  A  TGF- 
P-activated  type  I  receptor  phosphorylates  Smad3,  which 
then  associates  with  Smad4.  The  complex  of  Smad3  and 
Smad4  then  enters  the  nucleus  and  binds  to  a  sequence 
upstream  of  the  E  box,  which  is  already  occupied  by 
TFE3.  Binding  of  both  the  Smad3-Smad4  complex  and 
TFE3  within  the  36-bp  PE2.1  element  is  essential  for 
maximal  transcription  of  the  PAI-1  gene. 

Our  model  differs  somewhat  from  that  proposed  for 
activin -induced  activation  of  the  Xenopus  transcription 
factor  FAST-1.  On  addition  of  activin,  a  complex  of 
Smad4  and  phosphorylated  Smad2  forms  in  the  cytosol, 
translocates  into  the  nucleus,  binds  FASTI,  and  then 


Figure  11.  A  model  for  cooperation  of  TFE3,  Smad3,  and 
Smad4  in  TGF-p-induced  activation  of  the  PAI-1  promoter.  A 
complex  of  Smad4  and  phosphorylated  Smad3  hind  to  the  DNA 
sequence  5'  to  the  E-box  sequence,  which  is  occupied  by  TFE3. 
Binding  of  the  Smads  potentiates  the  activity  of  TFE3,  leading  to 
TGF-p-induced  transcription  of  PAI-1  gene.  Although  indicated 
as  monomers,  we  do  not  yet  know  the  oligomeric  state  of  the 
Smad  or  TFE3  proteins  when  they  bind  to  the  PAI-1  promoter. 


binds  to  a  segment  in  the  promoter  of  the  developmen- 
tally  regulated  Mix2  gene  (X.  Chen  et  al.  1996,  1997).  In 
contrast,  we  have  been  unable  to  detect  an  interaction  of 
TFE3  and  the  Smad3-Smad4  complex  in  the  absence  of 
DNA.  It  is  possible  that  the  Smad3-Smad4  complex  does 
not  directly  bind  to  TFE3,  even  though  they  bind  to  ad¬ 
jacent  sites  of  the  PE2.1  promoter.  Alternatively,  TFE3 
may  form  a  complex  with  another,  as  yet  unidentified, 
transcription  factor,  and  that  only  this  complex  associ¬ 
ates  with  the  Smad3-Smad4  complex  that  is  formed  after 
TGF-p  stimulation. 

TGF-p  activates  a  diverse  range  of  genes  in  different 
cell  types.  Although  Smad3-Smad4  complexes  may  bind 
specific  DNA  sequences,  our  work  suggests  that  to  in¬ 
duce  expression  of  specific  genes,  these  complexes  need 
to  cooperate  with  one  or  more  transcription  factors.  We 
showed  that  TFE3  is  one  such  factor  essential  for  induc¬ 
tion  of  the  PE2.1  promoter.  Because  other  genes  acti¬ 
vated  by  TGF-p  do  not  have  E  boxes  in  the  promoter 
sequenced  to  date,  it  is  likely  that  other  transcription 
factors  interact  with  Smad3-Smad4  and  Smad2-Smad4 
complexes  to  induce  transcription  of  other  genes  such  as 
plSir^Kas  p21^AFi/ciP  Li  et  al. 

1995).  The  TFE3-binding  sequence  E  box  is  essential  for 
both  basal  and  TGF-p-induced  transcription  of  the  PE2.1 
promoter.  We  have  no  evidence  to  suggest  that  TFE3 
itself  is  modified  or  activated  following  TGF-p  addition; 
consistent  with  this  notion,  in  vitro  translated  TFE3 
binds  to  the  E  box  in  the  PE2  promoter.  We  speculate 
that  in  unstimulated  cells,  TFE3  is  bound  to  the  two  E 
boxes  in  the  PAI-1  promoter  and  supports  a  low  level  of 
transcription.  Binding  of  an  activated  Smad3-Smad4 
complex  leads  to  a  several-fold  increase  in  gene  expres¬ 
sion. 

Such  synergistic  cooperation  of  Smad3-Smad4  com¬ 
plexes  with  specific  transcription  factors  offers  the  or¬ 
ganism  a  distinct  advantage— the  same  Smad3-Smad4 
complex  will  activate  different  genes  in  different  cells 
depending  on  the  sequence  of  a  promoter  and  the  set  of 
cooperative  transcription  factors  that  are  expressed. 

Materials  and  methods 

Plasmid  construction 

Standard  molecular  biology  techniques  were  used  as  described 
(Sambrook  et  al.  1989).  Oligonucleotides  were  synthesized  by 
GIBCO-BRL.  To  construct  3APP-Luc,  the  TATA  box  sequence, 
5'-AGGGTATATAAT-3',  was  inserted  into  the  Pstl~Bglll  site 
of  the  pGL3-basic  vector  (Promega);  a  pair  of  oligonucleotides 
corresponding  to  -740/-644  of  the  PAI-1  promoter  was  inserted 
upstream  of  the  TATA  box  sequence;  finally  a  pair  of  oligo¬ 
nucleotides  containing  three  tandem  repeats  of  the  API -binding 
site  [TGA(G/C)TCA]  separated  by  an  Xbal  site  was  inserted 
upstream  of  the  PAI-1  promoter  sequence.  PAI-Luc  was  con¬ 
structed  by  inserting  the  0.8-kb  Hinddlll  fragment  of  the  PAI-1 
promoter  (Westerhausen  et  al.  1991)  into  the  Hindlll  site  of 
pGL3-basic.  Various  DNA  fragments  PCR-amplified  from  the 
PAI-1  promoter  were  cloned  into  the  Kpnl-Pstl  sites  of  3APP- 
Luc  to  generate  PFl-Luc,  PF2-Luc,  and  PF3-Luc  in  place  of  the 
3APP  promoter.  These  DNA  fragments  corresponded  to  nucleo¬ 
tides  -794  to  -532,  -552  to  -194,  and  -214  to  +29  of  the  PAI-1 
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promoter  (Keeton  et  al.  1991).  Pairs  of  oligonucleotides  includ¬ 
ing  the  E-box  sequence  in  the  PAl-1  promoter  were  cloned  into 
the  Kpnl-Pst  I  sites  of  3APP-Luc  to  generate  PEI -Luc  and  PE2- 
Luc.  These  oligonucleotides  corresponded  to  -740  to  -644  and 
-583  to  -528/  respectively.  To  construct  PE2.1-LuC/  PE2.1S”^- 
Luc,  and  PE2.1E""-Luc  reporter  genes,  two  tandem  repeats  of  the 
wild-type  or  mutant  oligonucleotides  corresponding  to  -586  to 
-55 1  of  the  PAI-1  promoter  were  inserted  into  Kpnl-Pstl  sites  of 
p3APP-Luc  to  replace  its  promoter  (see  Fig.  9A).  All  the  con¬ 
structs  were  sequenced  to  confirm  the  cloning  junctions  and 
more  than  one  independent  clone  of  each  construct  were  tested 
in  transfection  for  luciferase  assays  to  confirm  the  results. 

To  generate  a  plasmid  encoding  Smad3,  human  Smad3  cDNA 
was  amplified  by  PCR  and  cloned  into  the  BamHl-Xbal  sites  of 
a  modified  pcDNA3,  resulting  in  a  Smad3  fusion  protein  with 
two  tandem  repeats  of  a  Flag  epitope  tag  at  its  NH2-terminus.  A 
plasmid  encoding  Smad4  was  generated  by  insertion  of  the  hu¬ 
man  Smad4  cDNA  into  pMX-IRES-GFP  (X.  Liu  et  al.  1997). 
Human  Smad4  cDNA  was  also  cloned  into  the  BamHl-Notl 
sites  of  the  vector  pEXL,  a  derivative  of  pEGFP-Nl  (Clontech) 
described  previously  (X.  Liu  et  al.  1997)  to  generate  pEXL- 
Smad4.  Plasmids  Flag-N-Smad3  and  Flag-N-Smad3A  were  de¬ 
scribed  previously  (X.  Liu  et  al.  1997).  PCR-amplified  TFE3  was 
cloned  into  the  BamHl-Xhol  sites  of  pET28a  (Novagen)  to  gen¬ 
erate  pET-TFE3  for  in  vitro  transcription  and  translation.  The 
kinase-defective  mutant  plasmid  of  the  human  TGF-p  type  I 
receptor,  pCMVS-TpRI-KR,  and  the  constitutively  active 
TGF-3  type  I  receptor,  pCMV5-T3RI-T204D,  were  described 
previously  (Wieser  et  al.  1995). 

Tissue  culture 

BAH-gpt  cells  and  HPRT-deficient  HT1080  cells  were  kindly 
provided  by  P.  Howe  at  the  Cleveland  Clinic  Research  Founda¬ 
tion  (Hocevar  and  Howe  1996).  HepG2  cells  were  purchased 
from  ATCC.  All  of  these  cells  were  cultured  in  DMEM  contain¬ 
ing  10%  fetal  calf  serum,  100  U/ml  penicillin  and  100  pg/ml 
streptomycin,  in  5%  CO2  at  37°C  unless  otherwise  stated.  To 
treat  cells  with  HAT  or  6-TG,  lx  HAT  medium  (GIBCO-BRL) 
or  30  pg/ml  6-TG  (Sigma)  was  added  to  the  normal  medium. 
TGF-pl  was  provided  by  RSiD  Systems,  Inc.,  and  a  concentra¬ 
tion  of  200  pM  was  added  to  cell  cultures  as  indicated. 

Construction  of  a  retroviral  cDNA  library 
and  infection  of  cells  by  retroviruses 

Poly(A)'^  RNA  was  isolated  from  HPRT-deficient  HT1080  cells. 
cDNAs  were  synthesized  from  the  poly  (A)""  RNA  by  use  of  the 
Superscript  Plasmid  System  for  cDNA  Synthesis  and  Plasmid 
Cloning  (GIBCO  BRL)  as  described  previously  (Hua  et  al.  1996), 
and  then  cloned  into  the  EcoRl-Notl  sites  of  the  retroviral  vec¬ 
tor  pMX  (Onishi  et  al.  1996).  The  resulting  cDNA  library  was 
amplified  in  transformed  bacteria  and  then  introduced  into  a 
packaging  cell  line  to  obtain  a  high  titer  retroviral  cDNA  li¬ 
brary.  Briefly,  Bosc23  cells,  a  cell  line  expressing  the  Gag,  Pol, 
and  Env  proteins  of  Moloney  Leukemia  Virus  (Pear  et  al.  1993), 
were  seeded  at  a  density  of  2  x  10*^  cells  per  60-mm  dish  in 
DMEM  containing  10%  fetal  calf  serum.  On  day  1,  cells  in  each 
dish  were  transfected  with  5  pg  of  the  retroviral  cDNA  library  in 
the  presence  of  chloroquine  (25  pM)  to  increase  the  virus  titer. 
The  transfected  cells  were  switched  to  fresh  medium  9  hr  after 
transfection,  and  the  supernatant  containing  the  recombinant 
retroviruses  was  collected  48  hr  after  transfection. 

Supernatant  containing  the  retroviruses  was  incubated  with 
the  target  cells  for  6-9  hr  in  normal  medium  containing  4  pg/ ml 
Polybrene  (Sigma).  To  measure  the  titer  of  the  library,  pMX- 


LacZ-derived  retroviruses  were  produced  in  parallel  with  the 
retroviral  cDNA  library  and  were  used  to  infect  BAH-ER3  cells 
or  NIH  3T3  cells;  infected  cells  were  stained  with  X-gal  for 
p-galactosidase  expression.  The  titer  of  the  retroviral  cDNA  li¬ 
brary  was  deduced  from  that  of  the  pMX-LacZ  retroviruses  pro¬ 
duced  in  parallel. 

To  rescue  recombinant  retroviruses  from  infected  BAH-ER3 
cells,  we  first  transfected  Bosc23  cells  with  the  plasmid  pZAP 
(from  D.  Baltimore's  laboratory,  MIT,  Cambridge,  MA),  which 
carries  the  entire  cDNA  sequence  of  the  murine  Moloney  leu¬ 
kemia  retrovirus  genome.  The  supernatant  containing  the  wild- 
type  virus  was  collected  48  hr  after  transfection,  and  1  ml  of  a 
1:2  dilution  of  the  supernatant  was  used  to  superinfect  infected 
BAH-ER3  cells  in  six-well  plates. 

Transfection,  luciferase  assay,  and  preparation  of  cell  lysates 

Cells  were  transfected  by  the  calcium  phosphate  precipitation 
method  (Sambrook  et  al.  1989).  For  luciferase  assays,  cells  were 
also  transfected  with  0.5  pg/well  pSV-p  or  0.2  pg/well  of 
pCMV-p  encoding  the  lacZ  gene  (Clontech)  as  an  internal  con¬ 
trol  to  normalize  the  luciferase  activity. 

To  transfect  BAH-ER3  cells  and  Hep  G2  cells,  cells  were 
seeded  at  a  density  of  50,000  cells /well  in  12-well  plates  unless 
otherwise  stated.  On  day  1,  the  cells  were  switched  to  fresh 
medium  and  then  transfected  by  the  calcium  phosphate  precipi¬ 
tation  method.  After  overnight  incubation,  the  cells  were 
switched  to  normal  medium  and  incubated  for  6-8  hr.  After¬ 
ward,  serum-free  medium  with  or  without  200  pM  TGF-p  was 
added  to  the  transfected  cells,-  cells  were  harvested  20  hr  after 
incubation  with  TGF-p  for  luciferase  and  p-galactosidase  as¬ 
says.  The  cells  in  each  well  of  12-well  plates  were  lysed  with 
250  pi  of  lx  lysis  buffer  (Promega),  and  luciferase  assays  were 
carried  out  with  20  pi  of  cell  lysates  by  use  of  the  Luciferase 
Assay  System  (Promega)  as  detailed  by  the  manufacturer.  To 
normalize  the  luciferase  activity,  20  pi  of  cell  lysate  was  incu¬ 
bated  with  100  pi  of  reaction  buffer  from  the  Luminescent  B- 
galactosidase  Detection  Kit  II  (Clontech  Laboratories,  Inc.)  as 
instructed  by  the  manufacturer.  Both  the  luciferase  and  p-ga- 
lactosidase  activities  were  measured  by  an  AutoLumat  LB953 
luminometer  (EG  &  G  Berthold).  All  luciferase  activities  were 
normalized  by  the  p-galactosidase  activities  and  presented  as  an 
average  from  duplicate  samples. 

To  obtain  cell  lysates  for  gel-shift  assays,  Bosc23  cells  were 
transfected  with  desired  plasmids  and  the  total  amount  of  DNA 
per  60  mm  dish  was  adjusted  to  7.5  pg  by  use  of  the  plasmid 
pEXL-GFP.  After  overnight  transfection,  the  cells  were 
switched  to  normal  medium,  and  harvested  24  hr  later.  Cells 
from  each  60-mm  dish  were  lysed  in  150  pi  of  buffer  containing 
the  following  components:  50  mM  Tris  at  pH  8.0,  500  mM  NaCl, 
1%  NP-40,  25  mM  p -glycerophosphate,  and  lx  protease  inhibi¬ 
tor  cocktail  Complete  (Boehringer  Mannheim).  The  lysed  cells 
were  rotated  at  4°C  at  60  rpm  for  2  hr,  and  the  supernatant  was 
collected  by  centrifugation  for  use  in  gel-shift  assays. 


Gel-shift  assay  and  immunoblotting 

Gel-shift  reactions  were  carried  out  in  a  total  volume  of  30  pi  at 
room  temperature.  The  components  of  the  reaction  buffer  are  as 
follows:  20  mM  Tris  at  pH  8.0,  60  mM  KCl,  0.7  mg/ml  bovine 
serum  albumin,  1  mM  EDTA,  1.6  mM  dithiothreitol,  1.6  mM 
MgCl2,  0.3  %  NP-40,  66  pg/ml  poly(dI-dC)/poly(dI-dC)  (Phar¬ 
macia),  and  12%  glycerol.  Radiolabeled  probes  were  made  either 
by  end  labeling  the  annealed  oligonucleotides  with  [y-^^PjATP 
or  by  PCR  amplification  in  the  presence  of  [a-^^P]dCTP.  Briefly, 
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a  pair  of  oligonucleotides  corresponding  to  the  PE2  fragment 
(-583  to  -528)  of  the  PAI-1  promoter  was  end-labeled  with  [7- 
32p]ATp.  alternatively^  the  two  tandem  repeats  of  the  PE2.1 
element  (5'-CCTAGACAGACAAAACCTAGACAATCACGT- 
GGCTGG-3')^  which  comprise  base  pairs  -586  to  -551  of  the 
human  PAI-1  promoter,  were  amplified  by  PCR  from  the  re¬ 
porter  construct  PE2.1-Luc  in  the  presence  of  [a-^^P]dCTP. 

The  amplified  probe  was  isolated  on  a  native  polyacrylamide 
gel  as  described  previously  (Wang  et  al.  1993),  and  4x10^  cpm 
was  added  to  each  reaction  that  had  received  the  cell  lysates  15 
min  earlier.  One  microliter  of  cell  lysate  (~30  pg  of  protein)  was 
used  in  each  reaction  unless  otherwise  stated.  For  competition 
with  wild-type  or  mutant  oligonucleotides,  a  50-fold  molar  ex¬ 
cess  of  unlabeled  oligonucleotides  was  added  to  the  reaction 
buffer  containing  the  cell  lysate  15  min  prior  to  addition  of  the 
^^P-labeled  probe.  Twenty  minutes  after  addition  of  the  probe, 
the  reaction  was  loaded  onto  a  4%  polyacrylamide  gel  in  0.5x 
TBE  buffer  (Sambrook  et  al.  1989),  and  electrophoresis  was  car¬ 
ried  out  at  20  mA  for  70  min.  To  supershift  the  DNA-binding 
activity  with  antibodies,  1  pi  of  the  indicated  antibody  was 
added  to  each  reaction,-  the  reaction  was  loaded  onto  the  gel 
after  15  min  of  incubation.  All  signals  were  detected  on  a  Fujix 
BAS2000  Phosphorlmager. 

To  detect  the  expression  of  Smad3  and  Smad4  proteins  in 
transfected  Bosc23  cells,  cell  lysates  prepared  from  the  trans¬ 
fected  Bosc23  cells  were  separated  on  6%-18%  gradient  poly¬ 
acrylamide  gels  and  then  transferred  to  Nitrocellulose  blotting 
filters.  The  filters  were  blotted  with  1  pg/ml  anti-Flag  (M2) 
antibody  (Eastman  Kodak)  for  detection  of  the  Flag  epitope- 
tagged  Smad3,  or  with  a  1:2000  dilution  of  an  anti-Smad4  rabbit 
polyclonal  antibody  (Nakao  et  al.  1997).  Bound  primary  anti¬ 
bodies  were  detected  with  horseradish  peroxidase-labeled  anti¬ 
mouse  or  anti-rabbit  secondary  antibodies,  respectively,  and  de¬ 
veloped  with  enhanced  chemiluminescence  reagents  purchased 
from  Pierce. 
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Expression  of  cloned  genes  at  desired  levels  in  cul¬ 
tured  mammalian  cells  is  essential  for  studying  pro¬ 
tein  function.  Controlled  levels  of  expression  have 
been  difficult  to  achieve,  especially  for  cell  lines  with 
low  transfection  efficiency  or  when  expression  of  mul¬ 
tiple  genes  is  required.  An  internal  ribosomal  entry 
site  (IRES)  has  been  incorporated  into  many  types  of 
expression  vectors  to  allow  simultaneous  expression 
of  two  genes.  However,  there  has  been  no  systematic 
quantitative  analysis  of  expression  levels  in  individ¬ 
ual  cells  of  genes  linked  by  an  IRES,  and  thus  the 
broad  use  of  these  vectors  in  functional  analysis  has 
been  limited.  We  constructed  a  set  of  retroviral  expres¬ 
sion  vectors  containing  an  IRES  followed  by  a  quanti¬ 
tative  selectable  marker  such  as  green  fluorescent 
protein  (GFP)  or  truncated  cell  surface  proteins  CD2 
or  CD4.  The  gene  of  interest  is  placed  in  a  multiple 
cloning  site  5'  of  the  IRES  sequence  under  the  control 
of  the  retroviral  long  terminal  repeat  (LTR)  promoter. 
These  vectors  exploit  the  '^100-fold  differences  in  lev¬ 
els  of  expression  of  a  retrovirus  vector  depending  on 
its  site  of  insertion  in  the  host  chromosome.  We  show 
that  the  level  of  expression  of  the  gene  downstream  of 
the  IRES  and  the  expression  level  and  functional  ac¬ 
tivity  of  the  gene  cloned  upstream  of  the  IRES  are 
highly  correlated  in  stably  infected  target  cells.  This 
feature  makes  our  vectors  extremely  useful  for  the 
rapid  generation  of  stably  transfected  cell  populations 
or  clonal  cell  lines  expressing  specific  amounts  of  a 
desired  protein  simply  by  fluorescent  activated  cell 
sorting  (FACS)  based  on  the  level  of  expression  of  the 
gene  downstream  of  the  IRES.  We  show  how  these 
vectors  can  be  used  to  generate  cells  expressing  high 
levels  of  the  erythropoietin  receptor  (EpoR)  or  a  dom- 
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inant  negative  SmadS  protein  and  to  generate  cells 
expressing  two  different  cloned  proteins,  Ski  and 
Smad4.  Correlation  of  a  biologic  effect  with  the  level  of 
expression  of  the  protein  downstream  of  the  IRES  pro¬ 
vides  strong  evidence  for  the  function  of  the  protein 
placed  upstream  of  the  IRES,  e  2000  Academic  Press 


Stable  expression  of  an  exogenous  gene  at  controlled 
levels  in  mammalian  cells  is  important  for  investigat¬ 
ing  their  biological  function.  Many  systems  allow  tran¬ 
sient  or  stable  expression  of  a  gene  of  interest  in  cul¬ 
tured  mammalian  cells,  yet  it  is  very  difficult  to  obtain 
expression  of  a  desired  protein  at  a  predetermined 
level.  The  traditional  approach  of  constructing  a  clonal 
cell  line  that  stably  expresses  a  gene  of  interest  relies 
on  recombination  of  the  transfected  DNA  with  the  host 
genome.  In  mammahan  cells  this  process  is  inherently 
inefficient  because  the  recombination  frequency  is 
quite  low;  furthermore,  the  site  of  integration  strongly 
affects  the  level  of  expression.  Additionally,  there  is 
also  no  clear  correlation  between  the  degree  of  resis¬ 
tance  to  various  drugs  commonly  employed  for  selec¬ 
tion,  such  as  geneticin  (G418)  or  hygromycin,  and  the 
expression  level  of  the  exogenous  protein.  Selection  of 
clones  that  have  integrated  the  exogenous  DNA  can 
take  several  weeks.  Since  one  is  often  required  to 
screen  many  clones  to  obtain  a  cell  line  with  the  de¬ 
sired  level  of  expression,  construction  of  stable  cell 
lines  by  transfection  followed  by  selection  can  be  labo¬ 
rious  and  time-consuming.  Other  selectable  markers, 
such  as  dihydrofolate  reductase  and  glutamine  syn¬ 
thase,  can  be  used  to  select  cell  lines  that  have  multiple 
copies  of  the  vector  and  thus  express  elevated  levels  of 
a  linked  gene  of  interest,  but  the  amplified  DNA  is  not 
stable  and  the  continuous  presence  of  drug  is  required 
(1,  2). 

0003-2697/00  $35.00 
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Retroviral  gene  transfer  offers  an  efficient  alterna¬ 
tive  for  stable  expression  of  exogenous  proteins.  In 
particular,  the  development  of  packaging  cell  lines  that 
produce  high  virus  titers  after  transient  transfection 
has  allowed  efficient  and  essentially  quantitative  in¬ 
fection  of  many  different  target  cell  lines  (3-6).  Stable 
expression  of  a  cloned  cDNA  promoted  by  the  viral  LTR 
occurs  after  integration  of  a  retroviral  vector  into  the 
host  genome.  Maximal  levels  of  expression  are  typi¬ 
cally  present  within  2  days  after  infection,  at  which 
point  drug  selection  may  be  used.  However,  among 
individual  cells  within  an  infected  population  there  is 
considerable  variability  in  the  amount  of  exogenous 
protein  expressed,  due  in  part  to  the  use  of  many  sites 
in  the  host  genome  for  provirus  integration.  Addition¬ 
ally,  multiple  insertions  of  the  provirus  into  the  ge¬ 
nome  can  occur,  resulting  in  further  cell-to-cell  vari- 
abihty  in  the  amount  of  protein  expressed.  Thus,  the 
considerable  advantages  of  current  ecotropic  retroviral 
vectors  are  qualified  by  the  wide  variation  (perhaps  a 
hundredfold,  see  below)  in  the  level  of  expression  of  the 
cloned  cDNA  within  individual  cells.  This  cell-to-cell 
variation  in  expression  levels  can  become  an  advan¬ 
tage,  but  it  has  not  been  appreciated  in  the  use  of  these 
vectors  for  genetic  manipulation  of  cultured  cells. 

An  internal  ribosomal  entry  site  (IRES)^  allows 
translation  initiation  of  multiple  proteins  from  a  single 
mRNA  transcript  (7,  8),  and  several  bicistronic  retro¬ 
viral  expression  vectors  allow  expression  of  multiple 
proteins  in  a  single  cell  (9—15).  However,  there  has 
been  no  systematic  quantitative  analysis  in  individual 
cells  of  expression  levels  of  the  gene  upstream  of  IRES 
and  the  selectable  downstream  marker  gene,  and  thus 
the  broad  use  of  these  vectors  for  functional  analysis  of 
recombinant  proteins  has  been  limited. 

Here  we  report  a  set  of  retroviral  vectors  which  takes 
advantage  of  the  spectrum  of  expression  levels  of 
cloned  cDNAs  in  individual  cells  while  simultaneously 
maintaining  the  high  efficiency  of  retroviral  gene 
transfer.  These  vectors  employ  a  quantitative  selection 
marker,  such  as  GFP  or  a  cell  surface  marker  protein, 
detectable,  respectively,  by  its  intrinsic  fluorescence  or 
by  staining  live  cells  with  a  fluorescent  antibody.  We 
show  a  tight  correlation  between  the  level  of  expression 
of  the  marker  protein  placed  downstream  of  the  IRES 
and  the  expression  level  and  functional  activity  of  the 
desired  gene  cloned  between  the  retroviral  LTR  and 
the  IRES  sequence.  Because  of  this  feature  we  use 
FACS  sorting  to  obtain  stably  transfected  populations 
of  cells  which  express  a  desired  protein  at  any  prede¬ 
termined  level — ^in  the  case  of  a  mutant  Smad3  protein 

*  Abbreviations  used:  IRES,  internal  ribosomal  entry  site;  GFP, 
green  fluorescent  protein;  LTR,  long  terminal  repeat;  FACS,  fluores¬ 
cent  activated  cell  sorting;  EpoR,  erythropoietin  receptor;  MEM, 
minimal  essential  medium;  DMEM,  Dulbecco’s  modified  Eagle  me¬ 
dium;  FBS,  fetal  bovine  serum. 


from  below  the  level  of  the  endogenous  wild-type  pro¬ 
tein  up  to  a  himdredfold  that  of  the  endogenous  pro¬ 
tein.  Strong  evidence  for  the  function  of  the  protein 
placed  upstream  of  the  IRES  can  be  obtained  by  corre¬ 
lating  the  extent  of  a  biological  effect  with  the  level  of 
expression  of  the  protein  downstream  of  the  IRES. 
Conversely,  selection  for  or  against  functional  expres¬ 
sion  of  the  gene  upstream  of  the  IRES  can  be  monitored 
by  increased  or  decreased  expression  of  the  down¬ 
stream  protein. 

MATERIALS  AND  METHODS 
Cell  Lines 

MvlLu  mink  lung  epithelial  cells  CCL64  (ATCC) 
and  its  L20  derivative  expressing  the  murine  ecotropic 
receptor  (16)  were  grown  in  minimal  essential  medium 
(MEM)  supplemented  with  nonessential  amino  acids, 
penicillin,  streptomycin,  and  10%  fetal  bovine  serum 
(FBS,  GIBCO-BRL)  as  described  previously  (12).  The 
retroviral  packaging  cell  line  BOSC23  (4)  was  main¬ 
tained  in  Dulbecco's  modified  Eagle  medium  (DMEM) 
supplemented  with  10%  FBS.  Ba/F3  cells  were  grown 
in  IMDM  supplemented  with  WEHI  conditioned  me¬ 
dium  (17). 

DNA  Expression  Constructs 

The  retroviral  expression  vector  (18)  has  been  de¬ 
scribed  previously.  pMX-GFP  was  constructed  by  in¬ 
serting  the  EcoRl-Notl  fragment  from  pEGFP-Nl 
(Clontech)  into  EcoBl-Notl  digested  pMX.  pMX-IRES- 
GFPl.O  was  made  by  inserting  the  Pi;wII-iVcoI  frag¬ 
ment  containing  the  IRES  sequence  from  pCITE3a 
(Novagen)  into  PcoRI-blunted  and  ATcoI-digested  pMX- 
GFP.  pMX-IRES-GFPl.O  was  digested  with  EcoBl  and 
Notl  followed  by  treatment  with  the  Klenow  fragment 
of  DNA  polymerase  to  fill  in  the  ends.  This  fragment 
containing  the  IRES-GFP  was  isolated  and  inserted 
into  SaZI-digested  and  end-fllled  pMX,  resulting  in  the 
pMX-IRES-GFP  vector.  pMX-mCD2-IRES-GFP  was 
constructed  by  inserting  a  PGR  amplified  mCD2  frag¬ 
ment  into  the  BamHI-digested  and  blunt-ended  pMX- 
IRES-GFPl.O.  The  construction  of  pMX-Smad3-C- 
Flag-IRES-GFPl.O  has  been  described  previously  (12). 
To  construct  pMX-IRES-CD2  and  pMX-IRES-CD4,  we 
first  constructed  a  backbone  pMX-IRES  plasmid  by 
amplifying  the  encephalomyocarditis  virus  internal  ri¬ 
bosome  entry  site  (7,  19)  from  the  plasmid  pIRESlneo 
(Clontech)  using  the  5'  primer  5'-AAA  CTC  GAG  CGG 
CCG  CCA  GCA  CAG  TGG  CCA  TGG  CAT  CTA  GGG 
CGG  CCA  ATT  CG-3'  and  the  3'  primer  5'-TTT  TGT 
CGA  CTA  CGT  ACC  GCG  GGT  TGT  GGC  AAG  CTT 
ATC  ATC  G-3'.  These  primers  were  chosen  so  as  to 
introduce  Notl,  BstXl,  and  Ncol  sites  at  the  5'  end  of 
the  PCR  product,  and  Sail,  SnaBl,  and  SacII  sites  at 
the  3'  end  of  the  PCR  product.  The  PCR  product  was 
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digested  with  Notl  and  Sail  and  cloned  into  these  sites 
in  the  pMX  retroviral  vector  to  make  pMX-IRES.  Next, 
the  extracellular  and  membrane-spanning  domains  of 
the  murine  CD2  (20)  were  amplified  using  the  primers 
5'-GAT  CAG  CTC  ATG  AAA  TGT  AAA  TTC  CTG 
GG-3'  and  5'-CTT  GCG  GCC  GOT  TAA  TTC  TGC  GCT 
GCG  CjC-3'.  The  resulting  PCR  product  was  digested 
with  Notl,  blunted  using  Klenow,  and  cloned  into  the 
SnaBl  site  of  pMX-IRES  to  make  pMX-IRES-CD2.  To 
make  pMX-IRES-CD4,  the  extracellular  and  mem¬ 
brane-spanning  domains  of  the  human  CD4  cDNA  (21) 
were  amplified  using  the  primers  5'-TTT  CCG  CGG 
CCC  ACC  ATG  AAC  CGG  GGA  GTC  CCT  TTT  AGG 
C-3'  and  5'-GTA  GTC  GAC  TTA  GCG  CCT  TCG  GTG 
CCG  GCA-3'.  The  PCR  product  was  digested  with  Sa¬ 
di  and  Sail  and  cloned  into  these  sites  in  pMX-IRES  to 
make  pMX-IRES-CD4.  Construction  of  pMX-mEpoR- 
IRES-GFP  has  been  described  previously  (17). 

Transfection,  Infection,  FACS  Analysis, 

and  Cell  Sorting 

The  pMX-IRES-GFP  vector  DNA  and  various  deriv¬ 
ative  constructs  were  transfected  into  BOSC23  cells  as 
described  previously  (4).  Infection  of  mink  lung  L20 
cells  and  determination  of  the  virus  titer  were  de¬ 
scribed  previously  (12).  To  analyze  the  level  of  GFP  and 
cell  surface  expression  of  mCD2,  BOSC23  cells  trans¬ 
fected  with  pMX-mCD2-IRES-GFP  and  L20  cells  in¬ 
fected  with  virus  were  resuspended  in  PBS  containing 
10  mM  EDTA  and  10%  FBS,  followed  by  incubation 
with  a  2  jLig/ml  PE-coupled  monoclonal  antibody 
against  mCD2  (PharMingen).  After  a  30-min  incuba¬ 
tion  on  ice,  cells  were  washed  three  times  with  PBS 
containing  10  mM  EDTA  and  10%  FBS  and  analyzed 
by  FACScan  (Becton-Dickinson).  To  isolate  cells  ex¬ 
pressing  different  level  of  GFP,  48  h  after  infection 
cells  were  scanned  by  a  FACSVantage  cell  sorter  (Bec¬ 
ton-Dickinson)  and  subsequently  sorted  according  to 
their  GFP  levels.  Typically,  5000  cells  at  given  average 
fluorescent  level  were  combined  into  a  pool  and  ex¬ 
panded  for  fiirther  study. 

RESULTS 

As  exemplified  by  pMX-IRES-GFP  (Fig.  1),  our  set  of 
plasmid  vectors  contain  murine  Moloney  virus  LTR 
and  a  packaging  signal  (18);  the  EMCV  IRES  is  placed 
between  the  polylinker/stuffer  and  a  cDNA  encoding  a 
selectable  marker  protein.  We  employ  three  different 
selectable  markers  to  allow  quantitative  measurement 
by  flow  cytometry:  GFP,  murine  CD2,  and  human  CD4. 
We  utihze  DNA  segments  encoding  only  the  extracel¬ 
lular  and  transmembrane  domains  of  these  cell  surface 
proteins  to  avoid  the  possibility  that  their  expression 
might  alter  intracellular  signaling  events  we  want  to 
study.  Upon  transfection  of  these  plasmids  into  the 


FIG.  1.  Schematic  diagram  of  the  pMX-IRES-GFP  retroviral  vec¬ 
tor.  The  IRES  sequence  is  indicated  as  shaded  box  with  an  arrow 
indicating  the  direction  of  translation.  The  segment  containing  the 
bacterial  origin  of  replication  and  ampicillin-resistant  gene  is  indi¬ 
cated  by  a  black  box.  The  stippled  box  represents  sequence  encoding 
the  green  fluorescent  protein;  alternatively,  in  the  pMX-IRES-CD2 
and  pMX-IRES-CD4  retroviral  vectors  the  corresponding  sequence 
encodes  truncated  CD2  and  CD4  cell  surface  proteins.  Open  boxes 
with  arrows  indicate  the  viral  LTR  sequences.  The  open  box  repre¬ 
sents  a  stuffer  fragment  containing  multiple  cloning  sites. 


ecotropic  retroviral  packaging  cell  line  BOSC23  cells, 
high  titers  of  recombinant  retrovirus  are  produced  and 
can  be  used  to  stably  infect  many  murine  cell  lines  or 
human  cell  lines  stably  expressing  the  murine  eco¬ 
tropic  receptor.  To  demonstrate  a  quantitative  rela¬ 
tionship  between  expression  levels  of  the  genes  up¬ 
stream  and  downstream  of  the  IRES,  mouse  CD2  was 
placed  upstream  of  the  IRES-GFP  in  the  pMX-IRES- 
GFP  vector,  to  construct  the  bicistronic  pMX-mCD2- 
IRES-GFP  retrovirus  (Fig.  2A).  This  plasmid  was 
transfected  into  the  packaging  BOSC23  cell  line  and 
virus  supernatant  was  used  to  infect  the  L20  mink 
lung  cell  line,  L20,  stably  expressing  the  ecotropic  re¬ 
ceptor.  Two  days  later,  the  level  of  CD2  was  deter¬ 
mined  by  staining  with  a  PE-labeled  anti-CD2  anti¬ 
body  followed  by  FACS  analysis;  no  staining  is 
required  for  FACS  analysis  of  GFP  fluorescence.  As 
shown  in  Fig.  2B,  over  a  50-fold  range  there  is  a  re¬ 
markably  good  correlation  between  the  levels  of  ex¬ 
pression  of  GFP  and  CD2  in  individual  L20  cells  stably 
infected  with  this  retroviral  vector.  No  fluorescence 
from  either  GFP  or  CD2  is  evident  in  control,  nontrans- 
fected  L20  cells  (Fig.  2C).  Therefore,  if  one  selects  high 
GFP-expressing  cells,  it  is  very  likely  that  the  same 
cells  will  also  express  high  levels  of  mCD2. 

The  experiment  in  Fig.  3  shows  how  a  bicistronic 
vector  can  be  used  to  isolate,  within  2  days  of  infection, 
a  population  of  infected  Ba/F3  cells  expressing  high 
levels  of  the  erythropoietin  receptor.  Growth  of  murine 
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FIG.  2.  Tight  correlation  between  levels  of  expression  of  genes 
placed  upstream  and  downstream  of  the  encephalomyocarditis  virus 
internal  ribosome  entry  site  (IRES).  (A)  FACScan  analysis  of  unin¬ 
fected  L20  cells  stained  with  the  PE-coupled  anti-mCD2  antibody; 
GFP  fluorescence  is  on  the  abscissa  and  CD2  fluorescence  on  the 
ordinate.  (B)  FACScan  analysis  of  L20  cells  2  days  after  infection 
with  a  recombinant  bicistronic  virus  expressing  mCD2  and  GFP, 
shown  in  C;  staining  is  with  the  PE-coupled  anti-mCD2  antibody.  (C) 
Schematic  diagram  of  the  bicistronic  retrovirus  vector  used  in  this 
experiment. 


Ba/F3  cells  is  normally  dependent  on  the  presence  of 
interleukin  3  (IL3);  these  cells  can  grow  in  the  presence 
of  er3d;hropoietin  (Epo),  provided  that  the  Epo  receptor 
(EpoR)  is  expressed  at  an  appropriate  level.  To  obtain 
Epo-dependent  Ba/F3  cells,  the  erythropoietin  receptor 
was  cloned  into  pMX-IRES-GFP,  forming  the  bicis¬ 
tronic  retrovirus  pMX-mEpoR-IRES-GPP;  high-titer 
retrovirus  was  used  to  infect  the  Ba/F3  cells.  As  deter¬ 
mined  by  FACS  analysis,  parental  cells  exhibit  no  GFP 
fluorescence  (Fig.  3A),  while  2  days  after  infection 
21.16%  of  the  cells  were  GFP  positive  (Fig.  3B),  One 
population  of  these  infected  cells  was  selected  for  Epo- 
dependent  growth,  in  the  absence  of  IL3.  As  shown  in 
Fig.  3C,  after  selection  these  cells  exhibit  high  GFP 
levels,  roughly  10-fold  greater  than  the  average  of  the 
unsorted  population  of  GFP-positive  infected  cells 
(compare  to  Fig.  3B).  Thus,  selection  for  the  ftinction  of 
the  gene  cloned  upstream  of  the  IRES  results  in  en¬ 


richment  of  cells  that  exhibit  increased  expression  of 
the  gene  cloned  downstream  of  the  IRES. 

Another  population  of  cells  was  flow  sorted  2  days 
after  infection  to  isolate  those  expressing  the  highest 
0.1%  level  of  GFP.  This  sorted  population  was  then 
grown  for  several  weeks  in  mediiim  containing  IL3  but 
no  Epo.  Importantly,  these  cells  continued  to  grow  at 
the  same  rate,  without  a  lag  period,  when  placed  in 
medium  containing  Epo  but  no  IL3,  indicating  that 
they  expressed  sufficient  EpoRs  to  support  prolifera¬ 
tion.  These  cells  expressed  the  same  high  levels  of  GFP 
(Fig.  3C)  as  those  directly  selected  for  Epo-dependent 
growth  (Fig.  3D).  As  judged  by  Western  blotting,  these 
cells  expressed  the  same  amoxmt  of  the  EpoR  as  did 
those  selected  for  Epo-dependent  proliferation  (Fig. 
3E).  Thus,  cells  selected  2  days  after  infection  for  ex¬ 
pression  of  high  levels  of  GFP — ^the  gene  placed  down¬ 
stream  of  the  IRES — express  high  levels  of  the  gene 
placed  upstream  of  the  IRES,  EpoR  in  this  example. 
This  experiment  further  substantiates  the  excellent 
correlation  between  the  expression  level  of  the  marker 
gene  and  that  of  the  gene  of  interest. 

Our  bicistronic  vectors  can  be  used  to  isolate  cells 
expressing  different  amounts  of  any  gene  of  interest 
and  thus  to  test  the  biological  function  of  the  encoded 
protein,  as  is  illustrated  by  the  experiment  in  Fig.  4. 
We  previously  showed  that  adding  a  FLAG  epitope  tag 
to  the  carboxyl-terminus  of  the  Smad3  protein  alters 
its  function;  the  Smad3-C-Flag  protein  exhibits  a  dom¬ 
inant  negative  phenotype  when  overexpressed  in  mink 
lung  epithelial  cells  and  inhibits  the  antiproliferative 
effects  of  TGF-)3  (12).  In  the  experiment  in  Fig.  4,  L20 
cells  were  infected  with  a  pMX-Smad3-C-Flag-IRES- 
GFP  retrovirus.  Two  days  after  infection,  six  pools, 
each  comprising  5000  to  30,000  cells,  were  sorted  by 
FACS  according  to  their  GFP  levels  (Fig.  4A).  These 
pools  were  expanded  in  ciilture  and  an  equal  number  of 
cells  from  each  pool  were  grown  for  3  weeks  in  the 
presence  of  50  pM  TGF-/3.  Like  parental  cells,  cells 
expressing  low  levels  of  GFP  were  killed  by  TGF-j3, 
while  those  expressing  successively  higher  average  lev¬ 
els  of  GFP  were  increasingly  able  to  form  colonies  in 
the  presence  of  TGF-j3  (Fig.  4B),  The  level  of  Smad3- 
Flag  expression  in  each  pool  was  determined  by  West¬ 
ern  blot  analysis  using  an  antibody  that  detects  both 
endogenous  Smad3  and  the  slower-migrating  Smad3- 
Flag.  As  shown  in  Fig.  4C,  we  obtained  cell  pools  ex¬ 
pressing  Smad3-Flag  at  a  level  lower  than  that  of  its 
endogenous  wild-type  counterpart  (lane  2)  and  cell 
pools  expressing  the  mutant  protein  at  a  level  over 
100-fold  higher  than  the  endogenous  protein  (lane  6). 
Thus  the  level  of  expression  of  Smad3-C-Flag,  mea¬ 
sured  by  the  level  of  GFP  expression,  correlates  with 
the  ability  of  cells  to  grow  in  the  presence  of  TGF-/3.  In 
showing  that  the  level  of  Smad3-C-FLAG  determines 
the  resistance  to  growth  inhibition  by  TGF-J3,  this  ex¬ 
periment  illustrates  how  our  bicistronic  vectors  can  be 
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FIG.  3.  Selection  of  transfected  Ba/F3  cells  expressing  high  levels  of  the  erythropoietin  receptor  (EpoR).  Ba/F3  cells  were  infected  with  the 
bicistronic  retrovirus  pMX-mEpoR-IRES-GFP  encoding  both  the  mEpoR  and  GFP .  As  determined  by  FACS  analysis  parental  cells  exhibit  no 
GFP  fluorescence  (A),  while  2  days  after  infection  2116%  of  the  cells  were  GFP  positive  (B).  Infected  cells  were  divided  into  two  populations. 
One  was  sorted  for  the  top  0.1%  GFP  fluorescence  and  maintained  in  IMF  medium  plus  WEHI-conditioned  medium  as  a  source  of  IL3.  Cells 
in  the  second  population  were  selected  for  those  able  to  proliferate  in  Epo  by  culturing  them  in  IMF  medium  containing  1  unit/ml  Epo  but 
no  IL3j  only  cells  expressing  a  functional  mEpo  receptor  can  grow  in  this  medium.  After  2  weeks  FACS  analysis  was  used  to  measure  the 
level  of  GFP  expression  in  these  populations;  as  shown  in  C  and  D,  both  populations  expressed  the  same  high  level  of  GFP.  The  Western  blot 
analysis  in  E  shows  the  level  of  expression  of  the  EpoR  in  parental  cells  (A),  those  selected  for  Epo-dependent  proliferation  (B),  and  those 
selected  for  high  GFP  expression  (C). 


used  to  determine  a  biological  function  of  an  encoded 
protein.  This  experiment  indicates  that  one  can  use 
this  system  to  express  a  recombinant  protein  at  a  level 
comparable  to  that  of  the  endogenous  protein  and  thus 
avoid  potential  problems  resulting  from  overexpres¬ 
sion.  TTiis  is  especially  convenient  when  good  antibod¬ 
ies  against  the  protein  of  interest  are  not  available  and 
one  is  forced  to  use  an  epitope  tagged  protein. 

Because  there  is  no  block  to  superinfection  with  mul¬ 
tiple  packaged  retroviral  vectors,  one  can  use  this  set  of 
vectors  to  express  multiple  genes  at  predetermined 
levels  in  a  single  cell.  As  illustrated  in  Fig.  5,  a  popu¬ 
lation  of  L20  mink  limg  epithelial  cells  stably  express¬ 
ing  the  Smad4  intracellular  signaling  protein  was  gen¬ 
erated  using  the  pMX-Smad4-IRES-GFP  vector  (Fig. 
5A,  Smad4-IRES-GFP);  as  anticipated,  these  cells  are 
slightly  but  reproducibly  more  sensitive  to  the  growth 
inhibitory  effect  of  TGF-/3  than  are  their  luiinfected 
counterparts  (Fig.  5B,  compare  Smad4  with  L20). 
These  cells  fail  to  maintain  high  levels  of  expression  of 
Smad4  over  long  time  periods,  probably  due  to  en¬ 
hanced  apoptosis  (22,  23),  Similarly,  a  population  of 


L20  cells  stably  expressing  the  Ski  oncoprotein  was 
generated  using  the  pMX-HA-Ski-IRES-mCD2  vector; 
as  reported  previously  (24)  these  cells  are  resistant  to 
the  antiproliferative  effects  of  TGF-i3  (Fig.  5B,  compare 
Ski  to  L20).  Cells  stably  expressing  both  proteins  were 
obtained  by  first  infecting  them  with  pMX-HA-Ski- 
IRES-mCD2  and  then  with  pMX-Smad4-IRES-GFP; 
those  expressing  both  GFP  and  CD2  were  collected 
(Fig.  5A).  These  cells  were  much  more  sensitive  to 
growth  inhibition  by  TGF-/3  than  cells  expressing  Ski 
(Fig.  5B,  compare  Ski/Smad4  with  Ski).  Therefore, 
Smad4  is  an  extragenic  suppressor  of  the  Ski  oncogene, 
and  Ski  suppresses  the  TGF-jS  hypersensitivity  in¬ 
duced  by  Smad4  overexpression  and  vice  versa.  These 
proteins  also  form  a  complex  in  living  cells  (data  not 
shown). 

DISCUSSION 

We  have  combined  highly  efficient  retroviral-medi- 
ated  gene  transfer  and  quantitative  selection  markers 
to  achieve  expression  of  desired  genes  at  predeter- 
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FIG.  4.  Quantitative  analysis  of  expression  of  a  dominant  negative  Smad3  protein  on  the  antiproliferative  effect  of  TGF-/3.  (A)  L20  cells 
were  infected  with  pMX-Smad3-C-Flag-IRES-GFP  and  scanned  for  GFP  levels  2  days  after  infection.  Cells  (5000-30,000)  were  divided  into 
six  pools  according  to  their  GFP  levels.  The  levels  of  GFP  expression  of  these  pools,  a-f,  were  measured  after  growth  for  14  days;  mean 
fluorescence  values  are  indicated.  (B)  Five  thousand  cells  from  each  pool  were  seeded  in  10-cm  tissue  culture  plates  and  incubated  for  3  weeks 
in  the  presence  of  50  pM  TGF-/3.  Colonies  growing  on  the  plates  were  fixed  in  95%  ethanol,  stained  with  crystal  violet  for  1  h  and 
photographed  with  a  digital  camera.  (C)  Western  blot  analysis  of  the  level  of  Flag-tagged  Smad3  expressed  in  each  of  the  six  cell  pools  sorted 
according  the  GFP  level.  An  antibody  (Santa  Cruz  No.  8332)  allowing  detection  both  endogenous  and  recombinant  Smad3  or  Smad2  was  used 
in  the  Western  blot  analysis.  (D)  Schematic  diagram  of  the  bicistronic  retroviral  Smad3C-Flag  expression  vector  used  in  this  experiment. 


mined  and  controlled  levels.  The  gene  of  interest  is  IRES  is  a  gene  encoding  a  protein  that  can  be  quanta 
cloned  in  the  polylinker  region  of  a  retroviral  vector  fied  by  FACS  sorting,  either  GFP  or  mutants  of  the  cell 
upstream  of  an  IRES  sequence.  Downstream  of  the  surface  proteins  CD2  or  CD4  missing  their  cytoplasmic 
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A 

a  L2D 


b  Smad4^IRES^GFP 


c  Ski*IRES-mCD2 


d  SkHRES-mGD2/ 

^  Smad4-IRES-GFP 


L20 


Smacl4 


^i/Smad4 


BIG.  6.  Ski  is  an  extragenic  suppressor  of  Smad4.  (A)  FACS  anal¬ 
yses  of  parental  L20  cells  (a)  or  L20  cells  infected  with  the  pMX- 
Smad4-IRES-GFP  virus  (b)  or  infected  with  the  pMX-Ski-IRES-CD2 
virus  (c)  or  first  by  the  pMX-Ski-IRES-mCD2  virus  followed  by  in¬ 
fection  the  pMX-Smad4-IRES-GFP  virus  (d).  Cells  were  stained  with 
PE-coupled  anti-mCD2  antibody  (PharMingen)  and  anal3rzed  with  a 
FACS  Advantage  cell  sorter.  Abscissa,  GFP  fluorescence;  ordinate, 
CD2.  (B)  GFP-positive  or  mCD2-positive  or  double-positive  cells 
were  sorted  using  FACS  and  expanded.  Fifty  thousand  cells  firom 
each  pool  were  seeded  into  each  of  the  12  wells  of  a  tissue  culture 
plate  and  treated  or  not  with  25  pM  TGF-/3  for  24  h.  In  the  final  3  h 
of  TGF-j3  treatment,  1  mC;  of  [®H]thymidine  was  added  to  each  well 
and  acid  insoluble  materials  were  retrieved  and  counted.  A  plot  of 
the  data  collected  firom  two  repeats  of  the  experiment,  with  error  bar 
indicating  the  standard  deviation  is  shown.  Open  bars,  control  cells; 
closed  bars,  TGF-/3-treated. 


domains.  As  soon  as  2  days  after  infection  the  cells  can 
be  sorted  by  FACS  for  expression  of  the  gene  down¬ 
stream  of  the  IRES,  and  thus  it  is  possible  to  generate 


pools  of  cells  expressing  desired  levels  of  expression  of 
the  downstream  gene  as  soon  as  the  cells  can  be  grown 
in  culture.  The  utihty  of  these  vectors  is  validated  by 
our  demonstration  of  a  very  high  correlation,  over  an 
'-50-fold  range,  between  the  level  of  expression  of  the 
selectable  gene,  either  GFP  or  CD2  or  CD4,  and  the 
level  of  expression  and  biological  activity  of  the  gene  of 
interest.  In  our  experience  pools  of  cells  suffice  for  most 
experiments;  it  is  usually  unnecessary  to  isolate  clones 
of  infected  cells.  Indeed,  since  clonal  variation  may 
result  in  individual  cell  lines  that  do  not  recapitulate 
all  phenotypes  of  the  parental  line,  we  often  prefer  to 
work  with  pools  of  infected  cells. 

We  provided  several  examples  of  how  this  system 
expedites  functional  analysis  of  cloned  proteins.  In  one, 
we  isolated  a  population  of  cells  expressing  high  levels 
of  the  EpoR  only  2  days  after  infection  by  an  EpoR- 
encoding  retrovirus  by  selecting  cells  expressing  a  high 
level  of  GFP  encoded  by  the  downstream  gene.  The 
level  of  EpoR  expression  was  the  same  as  in  a  popula¬ 
tion  of  cells  selected  for  growth  in  Epo.  Conversely, 
selection  for  function  of  the  EpoR  gene,  placed  up¬ 
stream  of  the  IRES,  resulted  in  enrichment  of  cells  that 
exhibited  higher  levels  of  expression  of  GFP,  the  gene 
cloned  downstream  of  the  IRES.  In  the  second,  we 
showed  that  increasing  levels  of  expression  of  a  mutant 
dominant  negative  signaling  protein,  Smad3-C-Flag, 
correlated  with  the  ability  of  the  cells  to  become  resis¬ 
tant  to  the  growth-inhibitory  effects  of  TGF-j3.  Impor¬ 
tantly,  Western  blot  analysis  demonstrated  that  the 
level  of  expression  of  Smad3-C-Flag  was  highly  corre¬ 
lated  with  that  of  GFP,  encoded  by  the  gene  down¬ 
stream  of  the  IRES  in  the  pMX-Smad3-C-Flag-IRES- 
GFP  retrovirus.  Thus,  we  did  not  need  to  measure  the 
actual  levels  of  Smad3-C-Flag  expression,  but  rather 
fractionated  the  cells  on  the  basis  of  GFP  expression 
levels  (Fig.  4).  In  showing  that  the  level  of  Smad3-C- 
Flag  determines  the  TGF-J3  resistance  phenotype,  this 
experiment  illustrates  how  these  bicistronic  vectors 
can  be  used  to  determine  a  biological  fiinction  of  an 
encoded  protein. 

Our  experiments  thus  substantiate  the  excellent  cor¬ 
relation  between  the  expression  level  of  the  selection  or 
marker  gene  and  that  of  the  gene  of  interest,  as  mea¬ 
sured  by  protein  expression  levels  and  by  biologic  func¬ 
tion.  This  system  offers  several  distinctive  advantages 
over  traditional  expression  systems. 

First,  it  is  easy  to  establish  stable  expression  of  the 
gene  of  interest  in  a  variety  of  cell  lines  or  cell  t3^es. 
For  cell  lines  derived  from  human  or  other  species  that 
are  not  readily  infectable  with  ecotropic  murine  retro¬ 
viruses,  one  can  first  generate  a  stable  line  expressing 
the  murine  ecotropic  receptor.  This  usually  renders  the 
cells  readily  infectable.  Cells  infected  with  retroviruses 
stably  express  the  gene  of  interest  within  2  days  after 
infection,  which  can  easily  be  detected;  our  unpub- 


GENE  EXPRESSION  AT  PREDETERMINED  LEVELS 


27 


lished  experiments  showed  that  this  level  of  expression 
is  maintained  in  culture  at  least  for  several  weeks. 

Second,  using  our  retroviral  expression  system  one 
can  easily  separate  infected  from  noninfected  cells  by 
FACS  sorting  and  obtain  pools  of  cells  expressing  var¬ 
ious  levels  of  the  gene  of  interest.  Because  viral  titers 
are  usually  in  the  range  of  5  X  10®  to  10®  infectious 
imits  per  milliliter,  one  can  obtain  large  number  of 
cells  in  a  matter  of  a  few  days.  Compared  to  the  use  of 
drug  selection  to  obtain  stable  pools  of  expressing  cells, 
this  method  is  simpler  and  more  efficient,  especially 
since  one  does  not  need  to  find  the  optimal  concentra¬ 
tion  of  drug  to  use  in  the  selection  procedure. 

Third,  since  the  fluorescent  marker  used  in  the 
IRES-based  retroviral  vector  is  quantitative  and 
highly  correlated  with  the  level  of  the  expression  of  the 
gene  upstream  of  the  IRES,  it  is  possible  to  sort  the 
cells  expressing  the  gene  at  predetermined  and  desir¬ 
able  levels  and  expand  them  for  functional  studies  or 
industrial  production  of  proteins  of  interest.  We  have 
used  this  system  to  generate  stable  lines  of  infected 
cells  expressing  the  same  amount  of  wild-type  and 
point  mutant  Epo  receptors  (17).  In  particular,  our 
system  enables  many  applications  in  which  one  wants 
to  express  a  recombinant  protein  at  a  level  comparable 
to  that  of  an  endogenous  protein  and  determine  the 
function  of  the  protein  at  close  to  physiological  concen¬ 
trations. 

Fourth,  this  system  takes  full  the  advantage  of  the 
random  integration  of  retroviral  DNAs  into  the  cellular 
genome,  which  creates  a  wide  spectrum  in  the  level  of 
expression  of  the  introduced  gene.  By  titrating  the 
expression  level  of  a  particular  gene  of  interest,  one  can 
build  a  quantitative  relationship  between  the  amount 
of  protein  expressed  and  a  functional  consequence.  The 
advantage  of  the  system  is  even  more  distinct  when 
one  wishes  to  express  two  proteins  at  predetermined 
levels  in  the  same  cells.  By  sequentially  infecting  or 
coinfecting  with  any  combination  of  our  bicistronic  ret¬ 
roviruses  pMX-IRES-GFP,  pMX-IRES-CD2,  or  pMX- 
IRES-CD4,  one  can  obtain  cells  expressing  defined  lev¬ 
els  of  GFP,  CD2,  or  CD4,  and  thus  presumably 
expressing  two  genes  of  interest  at  desired  levels. 

We  have  used  this  expression  system  in  variety  of 
functional  studies  in  several  experimental  systems. 
The  methodology  proved  to  be  very  powerful  and  the 
level  of  protein  expression  was  adequate  for  functional 
studies.  Quantitative  expression  of  the  gene  of  interest 
proved  particularly  important  in  studies  with  domi¬ 
nant  negative  mutants,  where  the  level  of  expression  of 
the  mutant  protein  influences  the  phenotype  of  the 
cells.  The  traditional  approach  of  stable  transfection, 
selection  of  many  independent  clones,  and  Western 
blotting  to  determine  expression  level  of  the  encoded 
protein  is  quite  laborious,  and  the  particular  clones  one 
chooses  to  study  can  be  subject  to  considerable  random 
variation.  Quantitative  selection  of  pools  of  cells  ex¬ 


pressing  different  levels  of  protein  followed  by  func¬ 
tional  assessment  of  a  particular  cellular  response  is 
less  subjective. 

Sometimes  stable  expression  of  a  particular  gene 
product  has  a  deleterious  or  toxic  effect  on  cell  prolif¬ 
eration;  it  is  almost  impossible  to  obtain  stable  lines 
expressing  such  genes  by  transfection  and  selection  for 
drug  resistance.  The  system  we  describe  allows  one  to 
monitor  the  level  of  GFP  (or  CD2  or  CD4)  to  gain 
information  about  potential  deleterious  effects  caused 
by  expression  of  an  upstream  gene.  Because  of  the 
concomitant  overexpression  of  the  deleterious  gene 
this  would  be  revealed  as  a  decrease  in  the  number  of 
cells  expressing  high  levels  of  the  fluorescent  marker 
protein.  One  can  use  this  system  to  obtain  stable  lines 
expressing  a  low  level  of  such  a  toxic  gene.  Thus,  such 
fluorescent  markers  can  be  used  to  preset  the  level  of 
expression  of  a  gene  of  interest,  or  to  reveal  a  func¬ 
tional  selection  for  or  against  expression  of  a  gene  of 
interest. 

Finally,  cDNA  libraries  made  in  the  pMX-IRES-GFP 
vector  have  proven  useful  in  functional  expression 
cloning.  The  Chinese  hamster  ovary  (CHO)  cell  mutant 
IdlB  defines  a  gene  required  for  multiple  steps  in  the 
normal  medial  and  trans  Golgi-associated  processing  of 
glycoconjugates;  recently  we  used  this  retrovirus-based 
expression  cloning  system  to  clone  a  murine  cDNA, 
LDLB,  that  corrects  the  pleiotropic  mutant  phenotypes 
of  IdlB  cells  (25). 

In  summary,  we  have  developed  a  simple,  efficient, 
and  quantitative  system  to  allow  us  to  take  the  full 
advantage  of  the  retroviral  vector  system  to  gener¬ 
ate — ^in  only  2  days — ^populations  of  mammalian  cells 
expressing  one  or  more  genes  at  predetermined  and 
controlled  levels.  This  system  should  have  wide  appli¬ 
cation  in  studying  gene  function. 
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Transforming  growth  factor  p  (TGF-jS)  regulates  a  variety  of  phys¬ 
iologic  processes,  including  growth  inhibition,  differentiation,  and 
induction  of  apoptosis.  Some  TGF-jS-initiated  signals  are  conveyed 
through  Smad3;  TGF-/3  binding  to  its  receptors  induces  phosphor¬ 
ylation  of  Smad3,  which  then  migrates  to  the  nucleus  where  it 
functions  as  a  transcription  factor.  We  describe  here  the  associa¬ 
tion  of  Smad3  with  the  nuclear  protooncogene  protein  SnoN. 
Overexpression  of  SnoN  represses  transcriptional  activation  by 
Smad3.  Activation  of  TGF-/5  signaling  leads  to  rapid  degradation  of 
SnoN  and,  to  a  lesser  extent,  of  the  related  Ski  protein,  and  this 
degradation  is  likely  mediated  by  cellular  proteasomes.  These 
results  demonstrate  the  existence  of  a  cascade  of  the  TGF-/3 
signaling  pathway,  which,  upon  TGF-]3  stimulation,  leads  to  the 
destruction  of  protooncoproteins  that  antagonize  the  activation  of 
the  TGF-/3  signaling. 

Transforming  growth  factor  j8  (TGF-)3)  is  a  member  of  a  large 
family  of  cytokines  that  affect  a  variety  of  biological  pro¬ 
cesses,  including  cell  growth  regulation,  embryonic  pattern 
formation,  immune  regulation,  and  apoptosis  (1-5).  Signaling  by 
TGF-/3  is  initiated  by  the  binding  of  TGF-/3  to  its  heteromeric 
complex  of  type  I  and  II  cell  surface  receptors  (6,  7).  Each 
receptor  is  a  transmembrane  protein  that  possesses  a  cytoplas¬ 
mic  serine/threonine  kinase  domain  (8,  9).  Binding  of  TGF-jS  to 
the  ectodomain  of  the  type  II  receptor  induces  heterooligomer¬ 
ization  between  the  type  II  and  the  type  I  receptors.  Once  the 
two  receptor  subunits  are  in  close  proximity,  the  constitutively 
active  type  II  receptor  kinase  phosphorylates  the  GS  domain  of 
the  type  I  receptor  kinase;  this  phosphorylation  in  turn  activates 
the  type  I  receptor  kinase,  which  dispatches  most,  if  not  all,  of 
the  downstream  signals  from  the  receptor  complex  (10-13). 

Genetic  analysis  in  Drosophila  and  Caenorhabditis  elegans  has 
indicated  that  Smad  proteins  are  the  intracellular  mediators  of 
TGF-J8  signaling  (14,  15).  Once  activated,  the  type  I  TGF-j8 
receptor  kinase  phosphorylates  a  Smad2  or  Smad3  protein  at  an 
SSXS  motif  present  at  the  C  terminus  of  both  proteins  (16,  17), 
resulting  in  the  oligomerization  of  Smad2  or  -3  with  their 
common  partner,  Smad4  (18,  19).  The  resulting  heteromeric 
Smad  protein  complexes  then  migrate  to  the  nucleus,  where  they 
regulate  expression  of  a  large  number  of  target  genes,  most  of 
which  remain  to  be  identified  (20). 

Several  nuclear  proteins  have  been  found  to  interact  with 
Smad  proteins.  Such  interactions  either  influence  Smad  function 
directly  or,  alternatively,  affect  the  functions  of  its  binding 
partners.  Thus,  p300,  the  AP-1  complex,  TFE3,  FAST-2,  vitamin 
D  nuclear  receptor,  Gli3,  and  Evi-1  have  all  been  reported  to 
bind  to  Smad3  and  thereby  participate  in  the  regulation  of 
natural  or  artificial  reporter  constructs  known  to  be  inducible  by 
TGF-)3/activin  (21-29). 

Recently,  we  reported  that  the  Ski  oncoprotein  can  also  bind 
Smad3  in  vivo  in  a  ligand-dependent  manner  (30).  The  resulting 
complexes  are  able  to  bind  to  DNA,  but  the  ability  of  these 
complexes  to  function  as  activators  of  TGF-)3-responsive  pro¬ 
moters  is  blocked.  Overexpression  of  Ski  in  mink  lung  epithelial 
cells  causes  the  cells  to  acquire  resistance  to  growth  inhibition  by 
TGF-J3.  This  resistance  cannot  be  traced  to  any  effects  of  Ski  on 


the  ability  of  TGF-/3  to  induce  expression  of  the  gene, 

whose  product  is  a  potent  inhibitor  of  the  CDK4  and  CDK6  Gi 
cyclin-dependent  kinases.  However,  in  the  presence  of  overex¬ 
pressed  Ski,  myc  expression,  which  is  normally  suppressed  by 
TGF-/3  treatment,  remains  high.  This  suggests  a  plausible  mech¬ 
anism  by  which  Ski  confers  resistance  to  TGF-/3-mediated 
growth  suppression. 

We  report  here  on  the  interaction  of  SnoN,  a  Ski-related 
protein,  with  Smad3.  In  addition  to  influencing  the  binding  of 
Ski  and  SnoN  to  the  Smad3/4  transcription  complex,  we  find  a 
second  functional  interaction  between  the  TGF-^  receptor  and 
the  Ski  and  SnoN  proteins  that  involves  their  metabolic  stability. 
These  results  extend  our  understanding  of  the  molecular  mech¬ 
anisms  mediating  the  intracellular  signaling  of  TGF-j3  and 
should  also  lead  to  a  clearer  mechanistic  view  of  the  oncogenic 
activity  of  SnoN  and  Ski. 

Materials  and  Methods 

Expression  of  Smad3  and  SnoN.  N-terminally  hemagglutinin  (H A)- 
tagged  SnoN  was  cloned  in  both  the  pEXL  (22)  and  the  pCI-Neo 
vectors  (Promega).  BOSC  cells  were  transfected  by  the  calcium 
phosphate  precipitation  method  (32)  and  36  hr  later  were 
labeled  for  4  hr  in  methionine-free  medium  (GIBCO/BRL) 
containing  150  /xCi/ml  p^SJmethionine  (ICN).  Cells  were  lysed 
in  0.4  ml  of  buffer  C  [150  mM  NaCl/1%  Nonidet  P-40/50  mM 
Tris-HCl  (pH  7.5)/50  mM  NaF/50  mM  j3-glycerophosphate/l 
mM  NaaVOs/l  mM  DTT/5  mM  EDTA/lX  protease  inhibitor 
mixture  (Roche  Molecular  Biochemicals)/10%  glycerol]  with 
NaCl  adjusted  to  400  mM.  The  mixture  was  then  centrifuged  at 
100,000  X  g  for  15  min,  the  lysate  was  diluted  with  buffer  C 
without  NaCl,  and  appropriate  Abs  (5  juLg)  were  added.  The 
lysates  were  incubated  at  4°C  for  3  hr  with  10  pi  of  protein- A 
beads  prebound  with  1  pi  of  rabbit  anti-mouse  Ab  (Upstate 
Biotechnology,  Lake  Placid,  NY).  The  immunoprecipitates  were 
eluted  from  beads  by  boiling  for  5  min  at  100°C  in  30  pi  of  2x 
SDS  sample  buffer  [100  mM  Tris-HCl  (pH  6.8)/200  mM 
DTT/4%  SDS/0.2%  bromphenol  blue/20%  glycerol]  and  re¬ 
solved  by  electrophoresis  through  a  10%  SD S/PAGE  gel,  fol¬ 
lowed  by  autoradiography. 

HA-tagged  SnoN  was  also  cloned  in  the  pMX-IRES-CD2 
vector  (X.L,,  unpublished  data).  The  pMX-HA-SnoN-IRES- 
CD2  construct  was  transfected  into  BOSC  cells  by  calcium 
phosphate  precipitation  (32).  Forty-eight  hours  after  transfec¬ 
tion,  virus  supernatants  were  collected.  A  total  of  5  X  10^  MvlLu 
L20  cells  were  infected  with  viral  supernatant  in  the  presence  of 
4  jLtg/ml  Polybrene  for  4  hr,  and  fresh  medium  was  added 
afterward.  Forty-eight  hours  after  the  infection,  cells  were  sorted 
by  FACStar  cell  sorter  (Becton  Dickinson)  according  to  their 


Abbreviations:  TGF-^,  transforming  growth  factor  /3;  HA,  hemagglutinin;  GST,  glutathione 
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cell  surface  CD2  level,  which  was  detected  by  Cy3-labeled 
anti-CD2  Ab  (PharMingen)  and  used  as  populations.  Cells 
expressing  Flag-tagged  Smad3  were  generated  essentially  as 
described  (16). 

In  Vitro  Translation.  A  l-/xg  sample  of  plasmid  expressing  HA- 
hSki  and  HA-hSnoN  was  in  v/tra-translated  with  the  TNT 
Coupled  Reticulocyte  Lysate  System  (Promega).  The  glutathi¬ 
one  S'-transferase  (GST)  fusion  proteins  were  mixed  with  in 
v/tro-translated  proteins  in  300  jal  of  buffer  C  for  3  hr  at  4°C, 
collected  on  glutathione-Sepharose  beads,  and  the  bound  pro¬ 
teins  were  separated  by  SDS/PAGE,  visualized  through  fluo- 
rography. 
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Luciferase  Reporter  Gene  Assay.  Twenty  four  hours  prior  to  trans¬ 
fection,  MvlLu  or  HepG2  cells  were  seeded  at  1  X  10^  or  5  X 
10"^  cells  per  well  in  a  12-well  plate  and  grown  for  24  hr. 
DEAE-dextran-mediated  transfections  (10)  or  calcium  phos¬ 
phate  precipitation  were  performed  with  0.75  jotg  of  p3TP-Lux 
together  with  a  total  of  1  fig  of  the  vector  alone  or  expressing  the 
indicated  Smad3  and  SnoN.  A  total  of  0.5  /xg  of  pCHllO  or  pSVj3 
(CLONTECH)  encoding  j8-galactosidase  was  included  in  each 
sample  as  a  control  for  the  efficiency  of  transfection.  After  20  hr 
of  incubation  in  the  absence  or  presence  of  100  pM  TGF-j81, 
luciferase  activity  was  determined  by  using  the  luciferase  assay 
system  (Promega),  and  j8-galactosidase  activity  was  measured 
with  the  luminescent  j3-gal  detection  kit  (CLONTECH). 

Measurement  of  Protein  Stability.  Cells  were  incubated  in  methi- 
onine-free  medium  for  30  min,  and  then  changed  into  the  same 
but  fresh  medium  containing  1  mCi  of  [^^S]methionine  for  2  hr. 
They  were  then  rinsed  twice  with  PBS“,  and  once  with  chase 
medium  (DMEM  containing  100  jLtg/ml  additional  methionine 
and  cysteine),  followed  by  incubation  in  the  chase  medium  for 
the  indicated  time.  Alternatively,  cells  were  treated  with  cyclo- 
heximide  at  10  fxg/ml  concomitant  with  or  without  TGF-/3 
treatment  for  the  indicated  period  of  time.  Cells  were  then  lysed 
with  buffer  C  and  processed  as  described  above. 

Results 

Ligand-Dependent  Association  of  the  SnoN  Protein  with  Smad3.  We 

have  recently  characterized  in  detail  the  functional  role  of  Ski  in 
the  TGF-/3  signal  transduction  pathway.  In  vivo,  Ski  interacts 
physically  with  Smad3  in  a  TGF-jS-dependent  manner.  Binding 
of  Ski  to  Smad3  blocks  transcriptional  activation  of  TGF-jS- 
inducible  promoters  regulated  by  Smad3,  while  leaving  intact  the 
DNA-binding  activities  of  Smad3.  Our  studies  did  not  address 
the  function  of  SnoN,  the  only  other  protein  known  to  have  clear 
relatedness  to  Ski.  To  explore  the  functional  similarities  and 
differences  between  the  two  proteins,  we  began  by  assessing  the 
binding  activity  of  SnoN  to  Smad3  and  the  consequences  of  this 
binding  on  Smad3-regulated  transcription,  using  assays  similar  to 
those  described  previously  (30). 

First,  we  characterized  the  relative  abilities  of  SnoN  and  Ski 
to  bind  in  vitro  to  wild-type  and  mutant  versions  of  Smad3.  As 
previously  described,  we  generated  a  mutant  version  of  Smad3, 
termed  Smad3D,  in  which  we  converted  the  three  C-terminal 
serines  into  aspartic  acid  residues  to  mimic  the  physiologic 
phosphorylation  of  Smad3  by  the  activated  TGF-j3  type  I  recep¬ 
tor  kinase  (30).  We  also  generated  a  truncated  form  of  Smad3D 
that  lacks  the  N- terminal  198  amino  acids,  as  well  as  a  mutant 
that  contains  only  the  middle  portion  (amino  acids  199-405)  of 
Smad3.  These  proteins  were  expressed  as  recombinant  GST 
fusion  proteins  and  were  mixed  with  the  full-length  human  SnoN 
and  Ski  proteins  that  were  tagged  with  an  influenza  virus  HA 
antigen,  and  synthesized  by  in  vitro  translation  in  the  presence  of 
P^SJmethionine.  Upon  binding  to  the  SnoN  and  Ski  protein  in 
vitro,  the  GST  fusion  proteins  were  retrieved  on  glutathione- 
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Fig.  1.  In  vitro  and  in  vivo  protein-protein  interaction  between  5mad3  and 
SnoN.  {A)  In  vitro  binding  of  Ski  and  SnoN  proteins  to  GST-Smad3  recombinant 
fusion  proteins.  In  Wtra-translated  HA-tagged  human  Ski  and  SnoN  proteins 
were  exposed  to  the  various  GST-Smad3  recombinant  fusion  proteins  and 
captured  on  glutathione  beads;  10%  of  the  translation  products  were  directly 
immunoprecipitated  with  anti-HA  Ab.  Proteins  bound  to  the  beads  were 
separated  by  SDS/PAGE  and  visualized  by  fluorography.  (6)  In  vivo  association 
of  SnoN  and  Ski  with  Smad3  protein.  HA-SnoN,  HA-Ski,  and  Flag-Smad3 
together  with  the  constitutively  active  type  I  TGF-j3  receptor  were  ectopically 
expressed  in  BOSC  cells  through  transient  transfection.  Lysates  prepared  from 
metabolically  labeled  cells  36  hr  after  transfection  were  subjected  to  immu- 
noprecipitation  with  anti-HA  or  anti-Flag  Ab.  The  SnoN  and  Ski  proteins  that 
were  associated  with  Smad3  protein  as  well  as  the  Smad3  protein  associated 
with  SnoN  and  Ski  proteins  were  retrieved  on  protein  G  beads,  separated  by 
SDS/PAGE,  and  visualized  through  fluorography.  The  arrowheads  denote  the 
slowly  migrating  Smad3,  which  most  likely  is  the  form  phosphorylated  by  the 
activated  type  I  TGF-j3  receptor  kinase. 


Sepharose  beads,  and  the  bound  proteins  were  analyzed  by 
SDS/PAGE. 

As  shown  in  Fig.  L4,  the  in  viYra-translated  SnoN  and  Ski 
proteins  behaved  identically.  Each  bound  quite  strongly  to  the 
Smad3D  protein  or  its  C-terminal  MH2-containing  domain,  but 
more  weakly  to  the  wild-type,  unmodified  version  of  Smad3,  and 
did  not  bind  at  all  the  middle  portion  of  Smad3,  which  served  as 
a  negative  control.  These  results  show  that  SnoN  and  Ski  exhibit 
similar  affinity  in  vitro  for  the  Smad3D  protein,  which,  as 
mentioned,  mimics  the  phosphorylated  form  of  Smad3  found  in 
cells  after  exposure  to  TGF-j8. 

To  further  assess  possible  in  vivo  interactions  of  Smad3  with 
SnoN,  through  transient  transfection,  we  ectopically  expressed 
an  HA-tagged  SnoN  protein  (HA-SnoN)  with  a  Flag-tagged 
Smad3  protein  (Flag-Smad3)  in  BOSC23  cells,  derived  from  a 
human  embryonic  kidney  cell  line  transformed  by  the  adenovi¬ 
rus  El  A  protein  (32).  These  cells  were  labeled  metabolically  for 
4  hr  with  p^SJmethionine  40  hr  posttransfection.  Immunopre- 
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cipitation  of  resulting  cell  lysates  with  Ab  directed  against  the 
HA  tag  at  the  N  terminus  of  SnoN  revealed  the  expected 
expression  of  the  protein  (Fig.  W,  lane  1),  which  was  absent  in 
a  control  transfection  in  which  only  N-terminally  Flag-tagged 
Smad3  was  expressed  by  transient  transfection  (Fig.  IB,  lane  2). 
Similarly,  immunoprecipitation  with  the  anti-Flag  Ab  yielded 
only  the  expected  N-terminally  Flag-tagged  Smad3  protein  in 
cells  ectopically  expressing  this  protein  (Fig.  IB,  lane  6),  but  not 
in  control  cells  where  only  HA-tagged  SnoN  was  ectopically 
expressed  (Fig.  IB,  lane  5).  However,  the  coexpression  of 
HA-SnoN  with  Flag-Smad3  resulted  in  complex  formation  be¬ 
tween  these  two  proteins,  as  demonstrated  by  the  presence  of 
Smad3  in  immunoprecipitates  from  lysates  treated  with  the 
anti-HA  Ab  directed  against  the  tagged  SnoN  protein  (Fig.  IB, 
lane  3).  In  a  reciprocal  fashion,  complex  formation  between 
SnoN  and  Smad3  could  also  be  demonstrated  by  the  coimmu- 
noprecipitated  SnoN  protein  observed  when  the  lysate  was 
treated  with  the  anti-Flag  Ab  directed  against  the  tagged  Smad3 
protein  (Fig.  IB,  lanes  7).  Thus,  SnoN  and  Smad3  can  form 
physical  complexes  in  vivo  when  both  proteins  are  overexpressed. 
Such  association  can  occur  even  in  the  absence  of  TGF-^ 
treatment  of  cells. 

We  also  wished  to  investigate  the  influence  of  TGF-J3  signaling 
on  this  association.  To  do  so,  we  ectopically  expressed  in  these 
BOSC  cells  a  constitutively  active  type  I  TGF-/3  receptor  that 
carries  a  threonine-to-aspartic  acid  substitution  at  its  residue  204 
(T/3RI  T204D)  (33).  This  constitutively  active  type  I  receptor 
kinase  yields  phosphorylation  of  the  C-terminal  serine  residues 
of  Smad3  (data  not  shown)  and  resulted  in  an  increase  in  the 
level  of  a  slowly  migrating  species  of  Smad3  seen  in  lanes  6  and 
8  (arrowheads)  of  Fig.  IB.  As  is  also  shown  in  these  lanes,  in  the 
presence  of  the  constitutively  active  receptor,  complex  formation 
between  SnoN  and  Smad3  was  modestly  increased,  as  indicated 
by  the  coimmunoprecipitated  SnoN  with  Smad3  or  vice  versa 
(compare  SnoN  between  lanes  7  and  8  in  the  anti-Flag  precip¬ 
itation;  Smad3  between  lanes  3  and  4  in  the  anti-HA  precipi¬ 
tation). 

An  apparently  contrasting  result  was  observed  when  we 
conducted  transient  transfection  experiments  using  HA-tagged 
Ski  instead  of  the  SnoN  protein.  Consistent  with  previously 
reported  results  (30),  there  was  a  much  more  robust  TGF-p 
signaling-dependent  complex  formation  between  Smad3  and  Ski 
(Fig.  IB,  compare  Ski  between  lanes  15  and  16  in  the  anti-Flag 
precipitation  and  Smad3  between  lanes  11  and  12  in  the  anti-HA 
precipitation).  We  concluded  that,  in  an  overexpression  system, 
Smad3  and  SnoN  can  form  physical  complexes,  the  levels  of 
which  can  be  enhanced  by  the  activation  of  the  TGF-j3  signal 
transduction  pathway.  However,  unlike  the  behavior  of  Ski: 
Smad3  complexes,  the  formation  of  SnoN:Smad3  complexes  did 
not  appear  to  be  strongly  induced  by  activation  of  TGF-j8 
signaling. 

Transcriptional  Repression  by  the  SnoN  Protein  of  a  TGF-/5-Responsive 
Gene.  One  of  the  consequences  of  TGF-j8  signaling  in  the  cell  is 
the  transcriptional  activation  of  specific  genes,  among  them  the 
plasminogen  activator  inhibitor-1  (PAI-1)  gene  (22,  34,  35).  In 
addition,  artificially  constructed  promoters  containing  the 
Smad3/4  binding  consensus  sequence  [Smad  binding  element 
(SBE):  GTCTAGAC]  (36)  are  also  activated  transcriptionally  in 
response  to  TGF-j8  treatment. 

To  investigate  the  functional  consequences  of  the  binding  of 
SnoN  to  Smad3,  we  measured  effects  of  ectopic  expression  of 
these  two  proteins  on  the  activity  of  PE2,  a  portion  of  the  natural 
PAI-1  promoter  responsive  to  the  activation  of  TGF-j8  signaling 
(22)  and  on  the  activity  of  the  4XSBE  promoter,  which  contains 
four  SBE  sites  in  tandem;  each  promoter  drove  expression  of  a 
luciferase  reporter  construct.  When  these  chimeric  genes  are 
introduced  into  TGF-/3-responsive  cells,  their  expression  is 
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Fig.  2.  Transcriptional  repression  by  SnoN  of  the  PE2  and  4XSBE  (SBE: 
GTCTAGAG)  promoters.  (A)  HepG2  cells  were  transfected  with  PE2-luciferase 
construct  together  with  1  fig  of  SmadB  and  SnoN  expression  plasmids.  After 
Incubation  for  20  hr  In  the  absence  or  presence  of  100  pM  TGF-/3,  luciferase  as 
well  as  /3-galactosidase  activity  was  determined.  (6)  HepG2  cells  were  trans¬ 
fected  with  4XSBE-luciferase  construct  promoter  together  with  1  fig  of  SmadB 
and  0.25,  1,  or  4  /xg  of  SnoN  expression  plasmids.  Luciferase  and  /3-galactosi¬ 
dase  activities  were  determined  as  In  A.  In  both  A  and  B,  relative  luciferase 
activities,  whose  values  are  the  averages  of  the  duplicate  samples,  were 
plotted  after  normalization  with  the  jS-galactosidase,  and  representative 
results  from  three  separate  experiments  are  presented.  The  filled  bars  repre¬ 
sent  cells  that  had  been  treated  with  TGF-/3,  and  the  open  bars  represent  cells 
that  had  not  been  treated. 


known  to  be  greatly  increased  after  TGF-/3  treatment  (22,  36). 
Moreover,  ectopic  expression  of  Smad3/4  is  known  to  further 
increase  the  responsiveness  of  the  PE2  promoter  to  TGF-j3- 
mediated  activation  (22). 

As  seen  in  Fig.  2A,  when  the  PE2  promoter  construct  was 
introduced  into  HepG2  cells,  which  express  receptors  for  and  are 
responsive  to  TGF-j3  (37),  introduction  of  a  Smad3  expression 
construct  enhanced  the  ability  of  TGF-j3  to  activate  the  PE2 
promoter.  In  contrast,  such  activation  was  reduced  by  the 
coexpression  of  either  SnoN  protein  or  Ski  in  these  cells. 

Similarly,  as  shown  in  Fig.  2B,  in  HepG2  cells,  activation  of  the 
4XSBE  promoter  in  response  to  TGF-j8  was  greatly  increased  by 
cointroduction  of  a  Smad3  expression  construct,  and  Smad3- 
mediated  transcriptional  activation  was  again  attenuated  by  the 
expression  of  SnoN  protein.  The  transcriptional  block  imposed 
by  SnoN  on  this  promoter  is  less  dramatic  than  that  seen  on  the 
PE2  promoter.  Indeed,  only  when  SnoN  was  expressed  at  a  very 
high  level  could  it  block  the  transcriptional  activation.  In  con¬ 
trast,  as  we  reported  previously  (30),  Ski  can  effectively  block 
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Fig.  3.  TGF-j3  causes  degradation  of  SnoN  and  Ski  proteins.  {A)  Mink  lung 
epithelial  cells  stably  expressing  SnoN  or  Ski  were  pretreated  with  MG-132  or 
vehicle  (DMSO)  for  1  hr  before  treatment  with  the  indicated  concentrations  of 
TGF-jS  for  30  min.  Lysates  were  immunoprecipitated  with  the  anti-HA  Ab;  the 
immunoprecipitates  (IP)  were  collected  on  protein  G  beads,  separated  by 
SDS/PAGE,  transferred  to  poly(vinylidene  difluoride)  (PVDF)  membrane,  and 
immunoblotted  with  anti-HA  Ab.  The  amount  of  lysate  used  in  lanes  4  and  5 
was  one-third  that  employed  in  lanes  1-3.  (B)  Same  as  A,  except  that  mink  lung 
epithelial  cells  stably  expressing  SnoN  protein  were  treated  for  different  time 
with  TGF-/3.  (O  Same  as  A,  except  an  increasing  concentration  of  TGF-jS  was 
used  with  mink  lung  epithelial  cells  stably  expressing  Ski  protein.  (D  and  f) 
Measurement  of  stability  of  SnoN  (D)  and  Ski  protein  (£).  (D)  Mink  lung  cells 
stably  expressing  HA-SnoN  were  treated  with  cycloheximide  concomitant 
with  TGF-/3.  At  the  indicated  times,  cells  were  lysed  and  the  lysate  was 
immunoprecipitated  with  the  anti-HA  Ab.  The  immunoprecipitates  were 
collected  on  protein  G  beads,  separated  by  SDS/PAGE,  and  transferred  to 
PVDF  membrane  followed  by  immunoblotting  with  the  anti-HA  Ab.  (f)  Mink 
lung  cells  stably  expressing  Ski  were  labeled  with  P^Sjmethionine  for  3  hr, 
followed  by  a  chase  in  the  presence  of  100  /Ag/ml  methionine  and  cysteine. 
Cells  were  lysed  and  processed  as  in  D,  except  that  the  SDS/PAGE  gel  was  dried 
and  exposed  to  a  phosphoimager  plate  (FUJIX,  Tokyo). 


TGF-j3-induced  transcriptional  activation,  even  when  expressed 
at  a  lower  level.  We  note  that  the  activity  of  the  cytomegalovirus 
promoter,  used  as  internal  control  in  these  experiments,  was  not 
affected  by  the  presence  of  SnoN,  indicating  that  the  transcrip¬ 
tional  repression  of  SnoN  is  not  a  result  of  a  general,  nonspecific 
inhibition  of  cellular  transcriptional  activity.  These  results  indi¬ 
cate  that  the  SnoN  protein  acts  as  a  direct  antagonist  of  Smad3 
transcriptional  activation.  These  data  also  suggest  that  the 
effects  of  SnoN  on  Smad3-mediated  gene  activation  are  depen¬ 
dent  on  the  sequence  context  of  the  Smad3-binding  site,  which 
may  vary  greatly  from  one  promoter  to  another. 

Effects  of  TGF-/3  on  the  Metabolic  Stability  of  SnoN.  To  examine 
more  carefully  the  consequences  of  this  interaction  between 
Smad3  and  SnoN,  we  generated  a  clone  of  mink  lung  epithelial 
cells  that  stably  expressed  HA-tagged  SnoN.  As  shown  in  Fig.  3 
A  and  B,  HA-tagged  SnoN  rapidly  disappeared  in  response  to 
TGF-jS  in  a  manner  dependent  on  the  duration  of  the  treatment: 
a  30-min  exposure  to  TGF-/3  resulted  in  a  more  drastic  reduction 
of  SnoN  levels  than  did  a  15-min  exposure  (Fig.  3.8,  lanes  3  and 
2,  respectively). 


To  gauge  quantitatively  the  stability  of  SnoN,  we  measured  the 
half-life  of  SnoN  protein  in  the  absence  or  presence  of  TGF-j3 
treatment.  As  seen  in  Fig.  31),  the  half-life  of  SnoN  changed  from 
60  min  in  mink  lung  epithelial  cells  that  had  not  been  treated  with 
TGF-j8  to  10  min  after  the  cells  were  treated  with  100  pM 
TGF-)S,  consistent  with  the  rapid  decline  in  the  steady-state 
levels  of  SnoN  protein  after  TGF-jS  treatment  as  gauged  by  an 
immunoblot  assay  (Fig.  3  A  and  B). 

To  assess  whether  the  disappearance  of  SnoN  protein  was  the 
result  of  degradation  by  cellular  proteasomes,  we  pretreated  the 
cells  for  1  hr  with  MG-132,  a  proteasome  inhibitor  that  is  able 
to  permeate  the  plasma  membrane.  In  a  subset  of  these  cells,  we 
continued  this  treatment  for  another  30  min  in  the  presence  of 
TGF-j8;  others  received  an  additional  30  min  of  MG-132  treat¬ 
ment  without  addition  of  TGF-jS.  Treatment  with  MG-132  for  a 
total  of  90  min  in  the  absence  of  TGF-JS  caused  a  3-fold  increase 
in  the  level  of  HA-SnoN  (Fig.  3^,  compare  lanes  1  and  4;  note 
that  the  sample  in  lane  4  is  derived  from  one-third  the  number 
of  cells  as  that  in  lane  1).  This  suggests  that  proteasomes  are 
involved  in  the  rapid  turnover  of  SnoN  protein,  even  in  the 
absence  of  TGF-/3.  Pretreatment  with  MG-132  for  60  min  before 
addition  of  200  pM  TGF-jS  completely  prevented  TGF-jS- 
induced  loss  of  HA-tagged-SnoN  (Fig.  3^4,  compare  lanes  3  and 
5).  These  results  demonstrate  that  inhibition  of  proteasome 
function  leads  to  enhanced  SnoN  stability,  preventing  TGF-^- 
induced  degradation  of  SnoN. 

The  related  Ski  protein  also  exhibited  a  rapid  disappearance 
in  response  to  TGF-jS  in  a  manner  dependent  on  the  concen¬ 
tration  of  TGF-jS  added  (Fig.  3  A  and  C).  As  was  the  case  with 
SnoN,  the  destruction  of  Ski  could  be  completely  prevented  by 
pretreatment  of  cells  with  the  MG-132  proteasome  inhibitor 
(Fig.  ?>A,  lanes  9  and  10).  However,  these  two  proteins  behaved 
differently  in  that  higher  concentrations  of  TGF-jS  were  required 
to  cause  the  degradation  of  Ski  (Fig.  3C).  The  normal  half-life 
of  Ski  in  mink  lung  epithelial  cells  is  100  min,  longer  than  that 
of  SnoN,  and  in  response  to  treatment  with  100  pM  TGF-jS,  the 
half-life  of  Ski  was  shortened  to  30  min  (Fig.  3  D  and  E), 

TGF-jS-induced  degradation  is  specific  to  SnoN  and  Ski, 
because  under  the  identical  conditions,  the  levels  of  Smad3  did 
not  change  (data  not  shown).  Interestingly,  in  the  presence  of  the 
MG-132  proteasome  inhibitor,  the  complex  between  SnoN  and 
the  endogenous  Smad3  could  be  readily  detected  when  cells  were 
activated  by  TGF-jS,  but  was  impossible  to  detect  when  cells  were 
not  treated  with  TGF-jS  (data  not  shown).  This  reinforced  the 
notion  that  SnoN  and  Smad3  form  a  complex  only  in  response 
to  activation  of  TGF-jS  signaling.  However,  although  a  SnoN 
molecule  may  initially  form  a  complex  with  Smad3  after  TGF-jS 
receptor  activation,  it  may  not  succeed  in  blocking  Smad3- 
mediated  transcriptional  activation  subsequently,  because  acti¬ 
vation  of  TGF-jS  signaling  results  in  rapid  degradation  of  SnoN 
(Fig.  3). 

Discussion 

We  demonstrate  here  that  the  SnoN  oncoprotein,  like  Ski, 
participates  in  modulating  signaling  by  TGF-jS.  SnoN  binds 
weakly  to  Smad3  in  the  absence  of  TGF-jS  treatment,  and 
strongly  to  Smad3  after  its  phosphorylation  by  the  ligand- 
activated  TGF-jS  receptor  kinase.  This  association  reduces  the 
subsequent  ability  of  Smad3  to  activate  transcription  of  target 
genes,  as  demonstrated  here  through  the  ectopic  expression  of 
SnoN.  The  present  work  also  reveals  a  second,  countervailing 
effect  of  TGF-jS  signaling  on  SnoN:  activation  of  the  TGF-jS 
receptor  causes  the  SnoN  and  the  related  Ski  molecules  to  be 
targeted  for  destruction,  apparently  by  proteasomes.  These 
findings  reveal  a  connection  between  SnoN  and  Smad3  and  shed 
light  on  the  mechanism  of  both  TGF-jS  signaling  and  the 
mechanism  used  by  SnoN  for  cell  transformation  (38). 
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As  reported  recently,  we  identified  the  SnoN  protein  as  a 
Smad3-binding  protein  by  using  an  in  vitro  biochemical  approach 
(30).  We  found  that  the  Smad3D  protein,  which  is  a  structural 
mimic  of  the  receptor-phosphorylated  form  of  Smad3,  was  able 
to  bind  a  protein  of  80  kDa  in  lysates  prepared  from  mink  lung 
epithelial  cells,  but  was  not  able  to  do  so  when  these  cells  were 
pretreated  with  TGF-J3  for  30  min.  Paradoxically,  once  we 
identified  this  80-kDa  protein  and  analyzed  its  behavior  through 
transient  and  stable  expression,  we  found  that  Smad3:SnoN 
complexes  behaved  in  an  opposite  fashion:  their  association  was 
actually  potentiated  by  TGF-j3  treatment  of  cells  (Fig.  1,  and  data 
not  shown).  This  discrepancy  is  resolved  by  the  evidence  pre¬ 
sented  here  that  TGF-j3  treatment  rapidly  leads  to  degradation 
of  SnoN.  Moreover,  the  rapid  and  apparently  specific  degrada¬ 
tion  of  SnoN,  as  well  as  of  Ski,  in  response  to  TGF-j3  treatment 
of  the  cell  further  supports  the  notion  that  these  two  proteins 
form  integral  components  of  the  TGF-j8  signaling  cascade.  The 
degradation  of  SnoN  most  likely  also  occurs  when  cells  express 
the  constitutively  active  type  I  TGF-)3  receptor,  which  function¬ 
ally  mimics  the  consequences  of  physiologic  activation  of  the 
TGF-j3  receptor  through  ligand  binding.  This  would  nicely 
explain  the  failure  of  robust  complex  formation  between  SnoN 
and  Smad3  when  these  proteins  are  coexpressed  together  with 
the  activated  receptor  (Fig.  \B),  because  the  SnoN  protein  is 
rapidly  and  efficiently  degraded  in  response  to  the  activation  of 
TGF-^  signaling,  leaving  little  of  this  protein  available  for 
binding  to  the  Smad3  protein. 

The  related  SnoN  and  Ski  proteins,  the  only  known  members 
of  this  protooncogene  family,  differ  significantly  in  their  biolog¬ 
ical  activities.  When  constitutively  expressed  in  avian  fibroblasts. 
Ski  is  able  to  cause  anchorage-independent  growth  and  mor¬ 
phological  transformation  (39).  SnoN,  in  contrast,  is  able  to 
achieve  morphological  transformation  of  avian  fibroblasts  only 
when  expressed  at  very  high  levels  (38).  Overexpression  of  Ski 
in  mink  lung  epithelial  cells  leads  to  repression  of  transcriptional 
activation  by  Smad3  and  to  resistance  to  the  growth-inhibitory 
effect  of  TGF-/3.  The  latter  effect  may  be  mediated  by  the 
continued  expression  of  myc  genes  in  spite  of  active  TGF-j8 
signaling  in  these  cells  (30).  Unlike  the  effects  observed  with  Ski, 
overexpression  of  SnoN  in  mink  lung  epithelial  cells  failed  to 
render  them  resistant  to  TGF-/3  and  did  not  cause  any  discern¬ 
ible  effects  on  the  transcriptional  regulation  and  myc 

genes  (data  not  shown). 
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These  very  substantial  differences  between  SnoN  and  Ski 
function  can  now  be  explained  in  terms  of  their  respective 
metabolic  stabilities.  SnoN  is  readily  degraded  in  response  to  the 
weak  activation  of  TGF-j3  signaling,  whereas  Ski  is  degraded  only 
when  cells  are  stimulated  with  a  very  high  level  of  TGF-j3.  As  a 
direct  consequence,  only  when  SnoN  is  expressed  at  far  higher 
levels  than  Ski  can  SnoN  succeed  in  eliciting  effects  in  a  cell 
transformation  assay  or  in  an  assay  measuring  resistance  to  the 
growth-inhibitory  effects  of  TGF-j3.  These  observations  leave 
unresolved  the  normal  physiologic  roles  of  SnoN  and  Ski.  We 
speculate  that  the  antagonism  between  SnoN  and  Smad3  is 
responsible  for  the  subtle  modulation  of  TGF-j3-induced  tran¬ 
scription  of  certain  genes  in  specific  cell  types  at  certain  stages 
of  development. 

These  observations  suggest  that  the  effects  of  TGF-j3  receptor 
activation  can  be  profoundly  affected  by  the  presence  of  other 
proteins  that  may  be  constitutively  present  in  specific  cell  types. 
Thus,  cells  that  express  SnoN  or  Ski  may  be  relatively  unrespon¬ 
sive  to  TGF-jS  stimulation.  In  certain  cells,  ligand  activation  of 
the  TGF-j3  receptor  may  cause  the  rapid  degradation  of  preex¬ 
isting  SnoN,  resulting  in  the  removal  of  an  important  obstacle  to 
TGF-j3-mediated  transcriptional  activation.  In  yet  other  cells,  we 
speculate  that  SnoN  may  persist  after  TGF-j3  receptor  activation, 
and  thereby  succeed  in  blocking  an  important  component  of  the 
TGF-jS  signaling  cascade  involving  the  Smad3/4  transcription 
factors.  Accordingly,  the  well-documented  highly  variable  effects 
of  TGF-)3  on  various  cell  types  may  be  attributable  to  the 
background  of  ancillary  proteins,  such  as  Ski  and  SnoN,  that  are 
capable  of  blunting  and  redirecting  specific  downstream  effector 
pathways  emanating  from  the  TGF-j3  pathway. 
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Summary 

TGF-p  treatment  of  cells  induces  a  variety  of  physio¬ 
logic  responses,  including  growth  inhibition,  differen¬ 
tiation,  and  induction  of  apoptosis.  TGF-p  induces 
phosphorylation  and  nuclear  translocation  of  SmadS. 
We  describe  here  the  association  of  SmadS  with  the 
nuclear  protooncogene  protein  Ski  in  response  to  the 
activation  of  TGF-p  signaling.  Association  with  Ski 
represses  transcriptional  activation  by  SmadS,  and 
overexpression  of  Ski  renders  cells  resistant  to  the 
growth-inhibitory  effects  of  TGF-p.  The  transcriptional 
repression  as  well  as  the  growth  resistance  to  TGF-p 
by  overexpression  of  Ski  can  be  overcome  by  overex¬ 
pression  of  SmadS.  These  results  demonstrate  that 
Ski  is  a  novel  component  of  the  TGF-p  signaling  path¬ 
way  and  shed  light  on  the  mechanism  of  action  of  the 
Ski  oncoprotein. 

Introduction 

Transforming  growth  factor  p  (TGF-p)  acts  widely  through¬ 
out  the  body  to  inhibit  epithelial  cell  proliferation  and 
to  exert  more  complex  actions  on  nonepithelial  cells 
(Massague,  1998).  Signaling  by  TGF-p  is  initiated  by  the 
heteromeric  TGF-p  cell  surface  receptor,  composed  of 
type  I  and  II  receptor  subunits  (Massague  and  Weis- 
Garcia,  1996).  Each  subunit  Is  a  transmembrane  protein 
that  is  endowed  with  a  cytoplasmic  serine/threonine 
kinase  domain  (Lin  et  al.,  1992;  Franzen  et  al.,  1993). 
TGF-p  binds  directly  to  the  ectodomain  of  the  type  II 
receptor,  causing  the  juxtaposition  of  type  II  to  the  type 

I  receptor  kinase.  The  constitutively  active  type  II  recep¬ 
tor  kinase  then  phosphorylates  the  type  I  receptor  ki¬ 
nase  in  its  cytoplasmic  regulatory  sequence,  termed  the 
GS  domain;  this  phosphorylation  activates  the  type  I 
receptor  kinase,  which  is  responsible  for  dispatching 
most  if  not  all  of  the  downstream  signals  from  the  recep¬ 
tor  complex  (Wrana  et  al.,  1994). 

Once  activated,  the  type  I  TGF-p  receptor  kinase 
phosphorylates  a  Smad2  or  Smad3  protein  at  an  SSXS 
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motif  present  at  the  carboxyl  terminus  of  both  proteins 
(Macias-Silva  et  al.,  1996;  Liu  et  al.,  1997),  resulting  in 
the  oligomerization  of  Smad2  or  3  with  their  common 
partner,  Smad4  (Lagna  et  al.,  1996;  Nakao  et  al.,  1997). 
The  resulting  heteromeric  Smad  protein  complexes  then 
migrate  to  the  nucleus  where  they  regulate  expression 
of  a  cohort  of  target  genes,  most  of  which  remain  to  be 
identified  (Heldin  et  al.,  1997). 

Several  nuclear  proteins  interact  with  Smad  proteins. 
p300,  AP-1  complex,  TFE3,  and  Evi-1  all  have  been  re¬ 
ported  to  bind  to  Smad3  in  a  TGF-p  ligand-dependent 
manner  and  thereby  participate  in  the  regulation  of  artifi¬ 
cial  reporter  constructs  known  to  be  inducible  by  TGF-p 
(Zhang  and  Derynck,  1999).  Smad3  also  binds  to  mam¬ 
malian  FAST-2,  a  homolog  of  Xenopus  FAST-1 ,  and  neg¬ 
atively  influences  the  transcriptional  activation  of  the 
goosecoid  promoter  (Zhang  and  Derynck,  1 999). 

We  report  here  that  the  Ski  protooncogene  protein  is 
another  component  of  TGF-p  nuclear  signaling.  Like  a 
number  of  other  protooncogenes,  ski  was  discovered 
through  its  presence  in  the  genome  of  an  avian  acutely 
transforming  retrovirus  (Stavnezer  et  al.,  1981).  Its  over¬ 
expression  in  avian  fibroblasts  leads  to  anchorage-inde¬ 
pendent  growth  and  morphological  transformation  (Col- 
menares  and  Stavnezer,  1989).  While  the  Ski  protein 
has  been  known  to  function  in  transcription  regulation 
(Engert  et  al,,  1995;  Tarapore  et  al.,  1997;  Nicol  and 
Stavnezer,  1998;  Nomura  et  al.,  1999;  Tokitou  et  a!., 
1999),  its  mechanism  of  regulation  of  cell  growth  has 
remained  unclear.  We  show  that  Ski  protein  functions 
through  its  ability  to  bind  Smad3  directly  in  a  TGF- 
p-dependent  manner  to  reverse  Smad3-mediated  tran¬ 
scriptional  activation  as  well  as  TGF-p-induced  growth 
suppression.  This  association  suggests  a  novel  mecha¬ 
nism  for  physiologically  regulating  TGF-p  responses  and 
should  lead  to  a  clearer  understanding  of  the  TGF-p 
signal  transduction  pathway  and  the  molecular  mecha¬ 
nism  of  the  oncogenic  activity  of  Ski. 

Results 

Isolation  of  a  Protein  of  the  ski  gene  Family  as  a 
Novel  SmadS-Binding  Protein  in  the  Nucleus 
Cells  deficient  In  Smad3,  or  expressing  a  mutant  domi¬ 
nant-negative  Smad3  in  which  its  three  carboxy-termina! 
serines  are  changed  to  alanines,  are  partially  resistant  to 
TGF-p’s  antiproliferative  effect  and  are  unable  to  induce 
transcription  from  TGF-p-responsive  promoter  con¬ 
structs  (Liu  et  al.,  1997;  Datto  et  al.,  1999).  These  and 
other  experiments  indicate  the  important  role  played 
by  Smad3  and  its  carboxy-serine  residues  in  mediating 
signal  transduction  of  TGF-p.  To  elucidate  further  the 
role  of  Smad3  In  the  TGF-p  signaling  pathway,  we  under¬ 
took  a  biochemical  approach  to  identify  proteins  that 
associate  with  Smad3  in  aTGF-p-dependent  manner.  To 
do  so,  we  searched  for  cellular  proteins  that  associate  in 
a  ligand-dependent  manner  with  either  the  unmodified 
form  of  Smad3  or  the  phosphorylated  form  found  after 
TGF-p-initiated  signaling.  In  order  to  mimic  the  latter. 
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Figure  1.  TGF-p-Dependent  Binding  of  GST~Smad3D  to  an  80  kDa 
Protein 

pS]Methionine-labeled  lysates  of  mink  lung  epithelial  cells  with  or 
without  TGF-p  treatment  were  bound  to  GST-Smad3D  recombinant 
fusion  proteins.  The  associated  proteins  were  retrieved  by  glutathi¬ 
one  beads,  separated  by  SDS-PAGE,  and  visualized  by  fluorography. 
The  arrow  indicates  an  80  kDa  protein  that  displays  TGF-p-dependent 
binding  to  the  GST-Smad3D  protein. 


we  created  a  mutant  version  of  SmadS  in  which  we 
converted  its  three  carboxy-terminal  serines,  normally 
sites  of  receptor-mediated  phosphorylation,  to  aspartic 
acid  residues.  We  fused  the  genes  encoding  both  the 
wild-type  SmadS  and  the  mutant  SmadSD  proteins  to 
the  glutathione  transferase  (GST)  gene  to  facilitate  the 
subsequent  retrieval  of  resulting  fusion  proteins  on  glu¬ 
tathione  Sepharose  beads.  Once  produced,  the  recom¬ 
binant  fusion  proteins  were  then  incubated  with  lysates 
of  mink  lung  epithelial  cells  that  had  been  previously 
labeled  metabolically  with  p^S] methionine  for  3.5  hr  fol¬ 
lowed  by  treatment  with  TGF-p  for  30  min.  By  doing 
this,  we  hoped  that  the  recombinant  proteins  would 
associate  in  vitro  with  cellular  proteins  present  in  these 
lysates,  thereby  mimicking  SmadS-containing  com¬ 
plexes  that  form  in  the  cell  following  TGF-p  receptor 
activation. 

Following  incubation,  complexes  were  isolated  on 
glutathione  beads,  resolved  by  SDS-PAGE,  and  visual¬ 
ized  by  fluorography.  As  seen  in  Figure  1 ,  a  protein  of  80 
kDa  bound  to  GST-Smad3D  in  cell  lysates  of  untreated 
cells;  much  less  of  this  protein  was  apparent  when  ly¬ 
sates  were  prepared  from  TGF-p-treated  cells.  This  pro¬ 
tein  did  not  bind  control  GST  protein  and  bound  very 
weakly  to  the  wild-type  Smad3  fusion  protein.  The  ap¬ 
parent  molecular  weight  of  this  protein  was  clearly  dis¬ 
tinct  from  those  of  the  Smad3  and  Smad4  proteins. 
Cell  fractionation  experiments  revealed  that  this  80  kDa 
protein  resides  in  the  cell  nucleus  and  conversely  was 
not  detectable  in  the  membrane  and  cytosolic  fractions 
(data  not  shown).  Furthermore,  a  version  of  Smad3D 
lacking  the  N-terminal  residues  1  -1 98  retained  the  ability 
to  bind  to  the  80  kDa  protein,  while  a  GST-Smad3  fusion 
protein  containing  a  deletion  of  Smad3  from  amino  acid 


342  to  its  C  terminus  was  unable  to  bind  to  the  labeled 
80  kDa  protein  (data  not  shown).  Hence,  the  domain  of 
Smad3D  that  was  responsible  for  binding  to  the  80  kDa 
protein  was  localized  to  its  C-terminal  MH2  domain, 
which  contained  the  three  aspartic  acids  introduced  to 
mimic  the  phosphates  normally  attached  by  the  type  I 
receptor  kinase. 

Based  on  these  preliminary  biochemical  characteriza¬ 
tions,  we  embarked  on  the  isolation  of  this  80  kDa  pro¬ 
tein  as  a  candidate  protein  responsible  for  affecting 
some  of  the  nuclear  functions  of  Smad3.  Approximately 
800  juig  of  purified  GST  recombinant  Smad3D-C  terminal 
protein  was  incubated  with  a  nuclear  lysate  prepared 
from  10"'°  mink  lung  epithelial  cells,  and  bound  proteins 
were  retrieved  by  subsequent  incubation  with  glutathi¬ 
one  Sepharose  beads  followed  by  boiling  of  the  beads. 
The  eluted  material  was  then  resolved  by  two-dimen¬ 
sional  (2D)  gel  electrophoresis,  and  resulting  proteins 
were  visualized  by  silver  staining  (data  not  shown). 
Guided  by  the  location  on  the  2D  gel  of  the  radiolabeled 
80  kDa  protein,  we  excised  the  corresponding  protein 
spot  from  the  gel.  Peptides  resulting  from  in-gel  tryptic 
digestion  of  this  spot  were  subjected  to  sequencing  by 
microcapillary  reverse-phase  HPLC  tandem  mass  spec¬ 
trometry  on  a  Finnigan  LCQ  quadrupole  ion  trap  mass 
spectrometer. 

The  mass  spectrum  analysis  of  one  of  the  tryptic  pep¬ 
tides  identified  the  sequence  FNAPSCGLITLTDAQR,  an 
oligopeptide  sequence  known  to  be  present  in  the  SnoN 
protein  of  human,  mouse,  and  chicken  (Nomura  et  al., 
1989;  Boyer  et  al.,  1993).  SnoN  is  related  to  the  Ski 
protooncogene  with  a  molecular  mass  of  80  kDa  and, 
like  the  related  Ski  oncoprotein,  is  localized  primarily  to 
the  cell  nucleus  (Boyer  et  al.,  1 993).  At  present,  no  other 
cellular  proteins  have  been  found  that  are  structurally 
related  to  SnoN  and  Ski. 

Ligand-Dependent  Association  of  the  Ski  Protein 
with  Smad3 

The  identification  of  the  Ski  family  of  proteins  as  Smad3- 
interacting  proteins  enabled  us  to  explore  the  functional 
role  played  by  these  proteins  in  TGF-(3  signaling.  Our 
analyses  involved  manipulation  of  the  human  Ski  and 
SnoN  proteins,  which  we  presumed  would  behave  iden¬ 
tically  to  the  Ski  and  SnoN  proteins  of  the  mink  cells  in 
which  our  initial  experiments  were  carried  out.  Prelimi¬ 
nary  in  vitro  studies  indicated  that  full-length  Ski,  like 
SnoN,  also  bound  to  the  C-terminal  MH2  domain  of 
Smad3D  (data  not  shown).  Because  Ski  and  SnoN  be¬ 
haved  very  similarly  in  these  in  vitro  assays,  and  because 
SnoN  has  a  more  complex  relationship  with  TGF-p  sig¬ 
naling  in  vivo  (data  not  shown),  we  focus  on  the  Ski- 
Smad3  interaction  in  the  present  report. 

To  assess  possible  in  vivo  interactions  of  Smad3  with 
Ski,  we  established  mink  lung  epithelial  cell  populations 
that  stably  expressed  both  HA-tagged  Ski  and  Flag- 
tagged  Smad3  via  infection  by  retroviral  vectors.  The 
cells  were  treated  with  TGF-p  for  30  min  and  lysates 
immunoprecipitated  with  either  anti-Flag  or  anti-HA  anti¬ 
bodies.  As  seen  in  the  top  panel  of  Figure  2A,  Flag- 
tagged  Smad3  forms  a  much  more  abundant  protein 
complex  with  Ski  when  cells  were  treated  with  TGF-p, 
as  demonstrated  by  the  presence  of  HA-tagged  Ski 
protein  in  the  immunoprecipitates  of  Flag  antibody 
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Figure  2.  TGF-p-Dependent  In  Vivo  Association  of  Ski  with  Smad3 
Protein 

(A)  Mink  lung  epithelial  cells  that  were  stably  doubly  infected  with 
the  viral  expression  vectors  expressing  HA-Ski  and  Flag-Smad3 
were  treated  with  200  pM  of  TGF-(3  for  30  min.  Lysates  prepared 
from  untreated  and  TGF-p-treated  cells  were  immunoprecipitated 
with  anti-HA  or  anti-Flag  antibody.  The  Smad3-assoclated  Ski  pro¬ 
teins  as  well  as  Ski-associated  Smad3  proteins  were  collected  on 
protein  G  beads,  separated  by  SDS-PAGE,  and  detected  by  immu¬ 
noblot  with  anti-HA  or  anti-Flag  antibody,  respectively.  Identical 
amounts  of  lysates  were  used  for  the  immunoprecipitation  as  re¬ 
vealed  by  the  immunoblot  of  the  input  lysate  with  antibody  against 
HA  or  Flag  epitopes. 

(B)  A  mink  lung  epithelial  cell  clone  (Skl13)  stably  expressing  only 
HA- tagged  Ski  was  treated  with  200  pM  of  TGF-p  for  30  min.  Lysates 
prepared  from  untreated  and  TGF-p-treated  cells  were  immunopre¬ 
cipitated  with  anti-HA  antibody.  The  Ski-associated  Smad3  proteins 
were  collected  on  protein  G  beads,  separated  by  SDS-PAGE,  and 
detected  by  immunoblot  with  anti-Smad3  antibody.  Identical 
amounts  of  HA-Ski  proteins  were  used  for  the  immunoprecipitation 
as  revealed  by  immunoblotting  the  anti-HA  immunoprecipitate  with 
the  anti-HA  antibody. 

(C)  C2C12  cells  that  were  stably  infected  with  the  viral  expression 
vector  expressing  Flag-Smad3  were  treated  with  200  pM  of  TGF-p 
for  30  min.  Lysates  prepared  from  untreated  and  TGF-p-treated 
cells  were  immunoprecipitated  with  anti-Flag  antibody.  The  Smad3- 
associated  Ski  proteins  were  collected  on  protein  G  beads,  sepa¬ 
rated  by  SDS-PAGE,  and  detected  by  immunoblotting  with  a  mono¬ 
clonal  antibody  against  Ski.  Identical  amounts  of  SmadS  proteins 


(compare  lanes  3  and  4  in  the  top  panel  of  Figure  2A). 
Conversely,  the  immunoprecipitates  of  HA  antibody 
contained  Flag-tagged  Smads  only  when  the  lysate  was 
prepared  from  TGF-p-treated  cells  (compare  lanes  3 
and  4  in  the  bottom  panel  of  Figure  2A).  Controls  (lanes 
1  and  2  of  Figure  2A)  show  that  the  same  amounts  of 
Flag-tagged  Smad3  and  HA-tagged  Ski  were  used  for 
immunoprecipitation. 

We  wished  to  further  extend  the  analysis  of  the  ligand- 
dependent  Smad3  and  Ski  interaction  in  a  more  physio¬ 
logic  context.  To  do  so,  a  stable  clone  of  mink  lung 
epithelial  cells  was  established  that  expressed  the  HA- 
tagged  Ski  protein  alone.  In  the  absence  of  TGF-p  treat¬ 
ment,  no  Smad3  protein  was  coimmunoprecipitated 
with  the  anti-HA  antibody,  but  after  30  min  treatment 
with  TGF-p,  significant  amounts  of  Smad3  were  associ¬ 
ated  with  HA-Ski  (compare  lanes  3  and  4  of  Figure  2B). 
Controls  in  Figure  2B  show  that  the  same  amounts  of 
HA-tagged  Ski  as  well  as  Smad3  protein  were  used  for 
immunoprecipitation  from  control-  and  TGF-p-treated 
cells. 

To  further  approach  the  physiologic  state  of  wild-type 
cells,  we  generated  a  population  of  C2C12  cells  that 
stably  expressed  only  Flag-tagged  Smad3  proteins.  The 
parental  cells  derive  from  a  mouse  myogenic  cell  line 
that  is  responsive  to  TGF-p  (Y amaguchi,  1 995).  The  Flag- 
tagged  Smad3  was  expressed  at  a  level  1 .5-fold  that  of 
the  endogenous  Smad3  (upper  panel,  Figure  2C),  and 
thus,  the  total  level  of  Smad3  was  2.5-fold  that  of  non- 
transfected  cells.  In  the  absence  of  TGF-p  treatment, 
little  Ski  protein  was  coimmunoprecipitated  with  the 
anti-Flag  antibody,  but  after  30  min  of  TGF-p  treatment, 
the  amount  of  Ski  associated  with  the  Flag-tagged 
Smad3  increased  significantly  (compare  lanes  1  and  2 
of  Figure  2C).  Thus,  when  expressed  at  physiologic  (Ski) 
or  very  slightly  elevated  concentrations  (Smad3),  Ski  and 
Smad3  associate  with  each  other  in  a  TGF-p-dependent 
manner.  This  series  of  experiments  demonstrated  that, 
under  physiologic  conditions,  endogenous  Smad3  and 
Ski  form  a  protein  complex  in  response  to  the  activation 
of  the  TGF-p  signal  transduction  pathway. 

Transcriptional  Repression  by  the  Ski  Protein 
of  a  TGF-p-Responsive  Gene 

One  of  the  consequences  of  TGF-p  signaling  in  the  cell 
is  the  transcriptional  activation  of  specific  genes,  among 
them  the  plasminogen  activator  inhibitor-1  [PAM)  gene 
(Keeton  et  al.,  1991;  Westerhausen  et  al.,  1991).  More 
detailed  studies  also  revealed  that  specific  regions  of 
the  PAM  promoter,  for  example,  the  pL800  (Yamaguchi 
et  al.,  1995)  and  PE2  sequences  (Hua  et  al.,  1998),  are 
responsible  for  the  TGF-p-induced  transcriptional  acti¬ 
vation  of  PAM  gene.  In  addition,  a  synthetic  promoter, 
3TP,  composed  of  parts  of  the  PA/- 7  and  collagen  pro¬ 
moters  (Wrana  et  al.,  1992),  as  well  as  an  artificial  pro¬ 
moter  containing  the  Smad 3/4- binding  consensus  se¬ 
quence  (SBE:  GTCTAGAC)  (Zawel  et  al.,  1998)  can  both 
be  activated  in  response  to  TGF-p  signaling. 


were  used  for  the  immunoprecipitation  as  revealed  by  the  immu¬ 
noblot  of  the  Flag-tagged  Smad3  proteins  with  anti-Smad3  anti¬ 
body.  In  parallel  (upper  panel),  total  lysates  from  control  or  Flag- 
Smad3-expressing  cells  were  subjected  to  SDS-PAGE  and  Western 
blotting  with  the  anti-Smad3  antibody.  The  Flag-Smad3  protein  was 
expressed  at  a  level  1 .5-fold  that  of  the  endogenous  Smad  protein. 
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Figures.  Transcriptional  Repression  by  Ski 
of  the  3TP,  4xSBE,  pLSOO,  and  PE2  Promoters 
In  all  experiments,  relative  luciferase  activi¬ 
ties  whose  value  is  the  average  of  the 
duplicate  samples  with  standard  error  were 
plotted  after  normalization  with  the  (3-galacto- 
sidase,  and  representative  results  from  multi¬ 
ple  separate  experiments  are  presented.  The 
closed  bar  represents  cells  that  had  been 
treated  with  TGF-p,  and  the  open  bar  repre¬ 
sents  cells  that  had  not  been  treated. 

(A)  Mink  lung  epithelial  cells  were  transfected 
with  the  3TP-luciferase  construct  together 
with  1  |jLg  of  SmadS  or  Ski  expression  plas¬ 
mids  or  both  together.  After  incubation  for  20 
hr  in  the  absence  or  presence  of  1 00  pM  TGF-p, 
luciferase  as  well  as  p-galactosidase  activity 
was  determined. 

(B)  Hep  G2  cells  were  transfected  with  the 
4xSBE- luciferase  construct  promoter  with  1 
ixg  of  Smad3  and  0.25  or  1  iJig  of  Ski  expres¬ 
sion  plasmids.  Luciferase  and  p-galactosi- 
dase  activities  were  determined  as  in  (A). 

(C  and  D)  Hep  G2  cells  were  transfected  with 
pLSOO  promoter  (C)  and  PE2  promoter  (D)  lu¬ 
ciferase  construct  (Hua  et  al.,  1998)  together 
with  1  |xg  of  Smad3  or  Ski  expression  plas¬ 
mids.  Luciferase  and  (3-galactosidase  activi¬ 
ties  were  determined  as  in  (A). 

(E)  Transcriptional  repression  by  Ski  can  be 
reversed  by  overexpression  of  the  Smad3 
protein.  Hep  G2  cells  were  transfected  with 
3TP  promoter  luciferase  construct  together 
with  2  |xg  of  Ski  and  1  or  10  |j.g  of  Smad3 
expression  plasmids.  Luciferase  and  p-galac- 
tosidase  activities  were  determined  as  in  (A). 


In  order  to  investigate  the  functional  consequences 
of  the  binding  of  Ski  to  SmadS,  we  initially  measured 
the  effects  of  ectopic  expression  of  these  two  proteins 
on  the  activity  of  the  3TP  promoter  and  on  a  promoter 
containing  four  SBE  sites  in  tandem  (4xSBE)  in  transient 
transfection  assays.  Consistent  with  previous  observa¬ 
tions,  when  luciferase  reporter  constructs  driven  by 
these  promoter  elements  were  introduced  into  TGF- 
p-responsive  cells,  their  expression  was  greatly  in¬ 
creased  following  TGF-p  treatment  of  these  cells  (Figure 
3;  Wrana  et  al.,  1992;  Zawel  et  al.,  1998). 

Smad  proteins  are  important  components  of  the  tran¬ 
scriptional  complexes  that  regulate  the  activity  of  these 
promoters.  For  example,  as  is  indicated  in  Figure  3, 
ectopic  expression  of  Smad3  markedly  increases  the 
responsiveness  of  the  3TP  promoter  to  TGF-p  stimula¬ 
tion  (Liu  et  al.,  1997;  Nakao  et  al.,  1997;  YIngling  et 
al.,  1997).  This  Smad3-enhanced  activation  of  the  3TP 
promoter  was  blocked  if  a  Ski  expression  vector  was 
cointroduced  into  these  cells  (Figure  3A).  Similarly,  as 
seen  in  Figure  3B,  when  the  4xSBE  promoter  construct 
was  introduced  into  Hep  G2  cells,  another  TGF-p-respon- 
sive  cell  line  (Carcamo  et  al.,  1995),  Smad3  also  potenti¬ 
ated  transcription  from  the  4xSBE  promoter  both  in  the 
absence  and  presence  of  TGF-p.  Such  activation  was 


again  blocked  by  the  coexpression  of  Ski  protein  in 
these  cells. 

Transcriptional  repression  by  Ski  could  also  be  dem¬ 
onstrated  by  studying  the  behavior  of  the  pL800  and  PE2 
promoters;  the  transcriptional  activation  of  the  pL800 
(Figure  3C)  and  PE2  (Figure  3D)  promoters  in  response 
to  TGF-p  activation  was  enhanced  by  the  coexpression 
of  Smad3  and  blocked  by  Ski  coexpression.  However, 
overexpression  of  Ski  protein  did  not  affect  the  tran¬ 
scriptional  regulation  of  a  cyclln  A  promoter  used  as 
control  in  these  experiments  (data  not  shown),  indicating 
that  the  transcriptional  repression  exerted  by  Ski  was 
not  the  result  of  a  general,  nonspecific  inhibition  of  cellu¬ 
lar  transcriptional  activity.  These  results  established  that 
Ski  could  block  transcriptional  activation  of  target  genes 
in  the  TGF-p  signal  transduction  cascade. 

Significantly,  the  inhibitory  effect  of  Ski  could  be  re¬ 
versed  by  overexpression  of  Smad3  proteins.  As  shown 
in  Figure  3E,  luciferase  activity  under  the  control  of  the 
3TP  promoter  was  induced  in  response  to  TGF-p  treat¬ 
ment  of  transfected  Hep  G2  cells,  and  this  expression 
was  reduced  when  the  reporter  construct  was  cotrans¬ 
fected  in  Hep  G2  cells  together  with  the  Ski-expressing 
plasmid.  However,  when  Smad3-expressing  plasmid 
was  cointroduced  Into  these  cells  together  with  the  other 
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Figure  4.  The  Skl:Smad3  Protein  Complex  Binds  to  the  2xSBE  and  a  Natural  Promoter,  PE2 

(A  and  B)  Lysates  prepared  from  the  BOSC  cells  that  were  transfected  with  the  Flag-Smad3,  HA-Ski,  and  T|3RI  T204D  (constitutively  active 
type  I  TGF-p  receptor)  were  exposed  to  the  end-labeled  2xSBE  oligonucleotide  (A)  or  PE2  sequence  (B).  The  resulting  mixtures  were  separated 
on  a  native  polyacrylamide  gel,  dried,  and  visualized  by  autoradiography.  The  arrow  heads  indicate  the  Smad3  DNA-binding  complexes  while 
the  arrow  Indicates  Ski:Smad3  DNA-binding  complexes.  In  lane  8  of  (A)  and  lane  (7)  of  B,  the  lysate  was  first  incubated  with  anti-HA  antibody 
before  it  was  mixed  with  the  labeled  oligonucleotides;  in  lane  9  of  (A)  and  lane  8  of  (B),  the  lysate  was  first  incubated  with  anti-Flag  antibody 
before  it  was  mixed  with  the  labeled  oligonucleotides;  and  in  lane  10  of  (A)  and  lane  9  of  (B),  the  lysate  was  first  incubated  with  both  anti-HA 
and  anti-Flag  antibodies  before  it  was  mixed  with  the  labeled  oligonucleotides.  The  arrows  indicate  the  Smad3:Ski  DNA-binding  complex. 
(C)  Nuclear  lysates  were  prepared  from  TGF-(3-treated  or  nontreated  mink  lung  cell  clone  expressing  Ski  (Ski13)  and  were  mixed  with  end- 
labeled  2xSBE  oligonucleotide.  The  resulting  mixtures  were  processed  as  in  (A)  and  (B).  The  lysate  was  first  incubated  with  anti-HA  antibody 
(lane  3),  anti-Smad3  antibody  (lane  4),  or  both  (lane  5)  before  it  was  mixed  with  the  labeled  oligonucleotides.  Notice  the  complete  disappearance 
of  the  discrete  protein:DNA  complex  after  the  mixture  was  incubated  with  anti-Smad3  antibody  and  correspondingly  increasing  amounts  of 
well-retained  labeled  oligonucleotides,  suggesting  that  this  complex  contained  SmadS  and  Ski  protein  simultaneously. 


two  plasmids,  repression  of  the  luciferase  activity  by 
Ski  was  mitigated  in  a  manner  reflecting  the  dose  of  the 
transfected  SmadS  plasmid.  These  results  suggest  that 
the  stoichiometry  of  the  Ski  and  SmadS  proteins  deter¬ 
mines  the  transcriptional  activity  of  the  STP  promoter. 
In  more  natural  settings,  the  relative  amounts  of  these 
two  proteins  In  various  cell  types  may  affect  the  respon¬ 
siveness  of  various  genes  to  TGF-p. 

In  principle,  modulation  of  SmadS  activity  by  Ski  could 
be  achieved  either  by  affecting  SmadS  binding  to  its 
cognate  DNA  sequence  or,  alternatively,  by  regulating 
its  ability  to  activate  transcription  without  affecting  its 
DNA  binding  ability.  To  distinguish  between  these  two 
possibilities,  we  performed  gel  electrophoresis  mobility 
shift  assays  using  lysates  of  BOSC  cells,  a  derivative  of 
human  29S  kidney  cells  (Pear  et  al.,  199S)  into  which 
we  ectopically  expressed  via  transient  transfection  Ski, 
Smad3,  and  a  constitutively  active  TGF-p  type  I  recep¬ 
tor  in  various  combinations.  As  is  shown  in  Figure  4,  a 
DNA  fragment  consisting  either  of  a  duplicate  artificial 
Smad3/4-binding  site  {2xSBE  [Smad  binding  element, 
GTCTAGAC])  or  of  the  PE2  Smad3/4-binding  site  can 
be  retarded  following  incubation  with  lysates  of  BOSC 
cells  that  ectopically  expressed  both  Smad3  protein  and 


a  constitutively  active  type  I  receptor  (Wieser  et  al.,  1 995; 
lane  6  of  Figure  4A;  lane  4  of  Figure  4B).  When  Smad3 
and  Ski  were  coexpressed  in  these  cells,  in  the  presence 
but  not  in  the  absence  of  the  constitutive  type  I  receptor, 
the  resulting  lysates  yielded  a  substantial  amount  of  a 
novel  proteiniDNA  complex  showing  greater  retarda¬ 
tion  of  mobility  in  the  gel  (Figure  4A,  lane  7;  Figure  4B, 
lane  6). 

These  complexes  were  found  to  contain  both  Smad3 
and  Ski,  as  demonstrated  by  the  supershift  observed 
when  these  complexes  were  incubated  with  antibodies 
reactive  with  the  epitope-tagged  Smad3  or  the  Ski  pro¬ 
tein  prior  to  gel  shift  analysis  (Figure  4A,  lanes  8  and  9; 
Figure  4B,  lanes  7  and  8).  The  slow-migrating  pro- 
teiniDNA  complex  could  be  further  retarded  in  its  mobil¬ 
ity  by  preincubation  simultaneously  with  both  HA  and 
Flag  antibodies  (Figure  4A,  lane  10;  Figure  4B,  lane  9), 
indicating  that  indeed  Ski  and  Smad3  coexist  in  the 
same  DNA-binding  complex. 

To  investigate  whether  under  more  physiologic  condi¬ 
tions  the  Ski:Smad3  protein  complex  binds  to  DNA  in 
response  to  the  activation  of  TGF-p  signaling,  we  pre¬ 
pared  nuclear  extracts  from  a  mink  lung  cell  line  that 
stably  expressed  HA-tagged  Ski  protein  (Skil  3)  before 
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and  after  they  were  treated  with  TGF-p  for  30  min.  As 
is  seen  in  Figure  4C,  when  the  2xSBE  oligonucleotide 
was  incubated  with  the  nuclear  lysate,  a  retarded  migrat¬ 
ing  proteiniDNA  complex  was  detected  in  the  nuclear 
lysate  of  cells  that  had  been  treated  with  TGF-p  but  was 
not  detectable  in  the  lysate  of  untreated  cells  (Figure  4C, 
lanes  1  and  2).  The  slow-migrating  proteiniDNA  complex 
contained  both  Ski  and  SmadS,  as  demonstrated  by  the 
supershifts  observed  when  the  mixture  was  preincu¬ 
bated  either  with  anti-HA  antibody  or  with  the  polyclonal 
antibody  directed  against  SmadS  (Figure  4C,  lanes  3 
and  4),  or  simultaneously  with  both  antibodies  (lane  5 
of  Figure  4C). 

These  findings  led  us  to  conclude  that  under  physio¬ 
logic  conditions,  SmadS  protein  interacts  with  Ski  in  a 
TGF-p-dependent  manner  and  that  the  resulting  protein 
complexes  are  able  to  bind  to  a  consensus  SmadS  DNA- 
binding  site,  apparently  through  the  known  DNA-bInding 
domain  of  SmadS  (Hua  et  al.,  1998;  Zawel  et  al.,  1998), 
enabling  them  to  regulate  the  transcription  of  down¬ 
stream  genes. 

Growth  Regulation  by  Overexpression  of  Ski 
in  Mink  Lung  Epithelial  Cells 

The  demonstrated  physical  interaction  of  Ski  with  SmadS 
and  the  ability  of  Ski  to  inhibit  SmadS  transcriptional 
activation,  as  described  above,  suggested  that  Ski  might 
antagonize  TGF-p-mediated  growth  regulation  Includ¬ 
ing,  specifically,  the  ability  of  TGF-p  to  inhibit  the  prolif¬ 
eration  of  certain  types  of  cells.  To  assess  this  possibil¬ 
ity,  we  analyzed  mink  lung  epithelial  cells,  which  are 
known  to  be  sensitive  to  the  growth-inhibitory  effects 
of  TGF-p  (Massague,  1998).  We  generated  clones  of 
these  cells  infected  stably  with  viral  expression  vectors 
encoding  the  HA-tagged  Ski  protein.  Two  representative 
clones  were  selected  from  cells  infected  with  the  Ski 
vector,  and  two  others  were  selected  that  had  been 
infected  with  the  control  vector.  As  anticipated,  the  HA- 
tagged  Ski  protein  was  expressed  in  the  first  pair  of  cell 
clones  (represented  by  the  immunoblot  in  the  insert  of 
Figure  5A). 

When  challenged  with  TGF-p  at  various  concentra¬ 
tions,  mink  lung  epithelial  cells  normally  undergo  growth 
arrest  prior  to  the  G1/S  transition  and  cease  to  incorpo¬ 
rate  pH]thymidine  (Laiho  et  al.,  1991).  Measurement  of 
PHJthymidIne  incorporation  thus  provides  a  sensitive 
gauge  of  the  effect  of  TGF-p  treatment  on  cellular  prolif¬ 
eration.  As  shown  in  Figure  5A,  normal  mink  lung  epithe¬ 
lial  cells  reduced  their  incorporation  of  pH]thymidine  in 
response  to  TGF-p  in  a  dose-dependent  manner;  the 
same  result  was  observed  with  cells  carrying  a  vector 
control  (B1  and  B3).  However,  cells  expressing  the  Ski 
protein  continued  to  incorporate  a  substantial  amount 
of  pH]thymidine  in  the  presence  of  TGF-p  (Ski5  and 
Skil  3).  Therefore,  overexpression  of  Ski  confers  on  mink 
lung  epithelial  cells  the  ability  to  resist  growth  inhibition 
by  TGF-p. 

We  also  undertook  long-term  culturing  of  normal  or 
Ski-expressing  mink  lung  cells  in  the  presence  or  ab¬ 
sence  of  TGF-p.  As  shown  in  Figure  5B,  after  five  days 
of  culture,  the  number  of  TGF-p-treated  cells  was  less 
than  10%  of  the  number  of  untreated  cells.  However, 
the  population  of  Ski-expressing  cells  was  about  50% 
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Figure  5.  Growth  Regulation  of  Mink  Lung  Epithelial  Cells  by  Ec¬ 
topic  Expression  of  Ski  and  SmadS 

(A)  Percentage  reduction  of  pH]thymidine  Incorporation  of  mink  lung 
epithelial  cell  stably  Infected  with  the  cDNA  encoding  Ski  protein 
or  vector  alone.  Triplicate  cultures  of  wild-type,  vector- infected,  or 
Ski-expressing  mink  lung  epithelial  cells  were  treated  with  various 
concentrations  of  TGF-p  for  24  hr  followed  by  3  hr  incubation  with 
1  p.Ci  of  pHjthymidine,  and  the  acid-insoluble  pHJthymidine  was 
counted  and  compared  to  the  incorporation  from  cells  that  had  not 
been  exposed  to  TGF-p  treatment.  The  insert  in  the  graph  is  a 
representative  immunoblot  probed  with  anti-HA  antibody  demon¬ 
strating  the  expression  of  the  Ski  protein.  Lane  1 ,  wild-type  L20 
cells;  lane  2,  Skl1 3  clone. 

(B)  Reduction  in  cell  number  of  various  mink  epithelial  cells  in  a 
5-day  culture  period  in  the  presence  or  absence  of  20  pM  TGF-p. 
L20,  wild-type  mink  lung  epithelial  cells;  B1 ,  a  cell  clone  transfected 
with  vector  alone;  Ski13,astabletransfectant  expressing  HA-tagged 
Ski  protein. 

(C)  Growth  resistance  to  TGF-p  in  Ski-overexpressing  cells  can  be 
overcome  by  overexpression  of  Smad3  proteins.  Populations  of 
mink  lung  epithelial  cells  infected  with  vector  alone  or  vectors  ex¬ 
pressing  Ski,  SmadS,  and  SmadSA  in  various  combinations  were 
generated.  Triplicate  cultures  of  those  cells  were  treated  with  TGF-p 
and  were  processed  as  In  (A).  The  acid-insoluble  pHJthymidIne  was 
counted  and  compared  to  the  incorporation  from  cells  that  had  not 
been  exposed  to  TGF-p  treatment. 


of  their  untreated  counterparts.  Importantly,  in  the  ab¬ 
sence  of  TGF-p,  the  growth  rate  of  Ski-expressing  cells 
is  comparable  to  that  of  the  control  and  wild-type  cells. 
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Accordingly,  these  results  demonstrated  that  when  mink 
lung  epithelial  cells  overexpress  the  Ski  protein,  they 
acquired  resistance  to  the  growth-inhibitory  effects  of 
TGF-p. 

The  resistance  to  TGF-p  growth  inhibition  shown  by 
the  Ski-overexpressing  cells,  like  the  Ski-mediated  tran¬ 
scriptional  repression,  could  be  reversed  by  overexpres¬ 
sion  of  SmadS  protein.  Thus,  as  shown  in  Figure  5C, 
in  a  polyclonal  population  of  mink  lung  epithelial  cells 
expressing  only  ectopic  Ski,  the  pHJthymidine  incorpo¬ 
ration  was  far  less  responsive  to  inhibition  by  TGF-p 
than  was  the  response  of  control  cells  (compare  open 
triangle,  Ski-expressing  cells,  and  open  diamond  and 
open  square,  vector  control  cells).  However,  when  mink 
lung  cells  expressed  both  Ski  and  SmadS,  these  cells 
behaved  like  the  wild-type  or  the  control  vector-infected 
cells  (compare  closed  triangle.  Ski-  and  SmadS-express- 
ing  cells,  and  open  diamond  and  open  square,  vector 
control  cells).  Interestingly,  when  a  dominant-negative 
form  of  the  SmadS  protein,  SmadSA,  which  converts  the 
carboxy  three  serines  into  alanines  (Liu  et  al.,  1997), 
was  cointroduced  into  mink  lung  cells  together  with  Ski, 
these  cells  became  more  resistant  to  growth  inhibition 
by  TGF-p  than  cells  expressing  either  gene  alone  (com¬ 
pare  closed  diamond,  SmadSA  plus  Ski-expressing 
cells,  with  open  triangle.  Ski  expressing  cells,  or  closed 
square,  SmadSA  expressing  cells). 

These  and  earlier  data  indicate  that  Ski  and  SmadS 
operate  in  an  antagonistic  fashion  and  imply  that  the 
stoichiometry  of  the  two  proteins  determines  the  ulti¬ 
mate  outcome  of  transcriptional  control  by  these  pro¬ 
teins  as  well  as  the  growth  response  of  the  cell  to  TGF-p 
treatment.  These  results  also  indicate  that  Ski  is  an  in¬ 
tegral  component  of  the  TGF-p  signal  transduction 
pathway  and  that  the  interaction  of  Ski  and  SmadS  is 
not  a  result  of  adventitious  protein-protein  association 
but  instead  represents  a  specific,  physiologic  Inter¬ 
action. 

TGF-p-Inducible  Cell  Cycle  Control  Genes 
in  Ski-Expressing  Cells 

Several  of  the  genes  induced  in  response  to  TGF-p  are 
directly  Involved  in  cel!  cycle  control.  Among  these  is 
the  cyclin-dependent  kinase  inhibitor,  whose 

expression  reported  to  be  strongly  induced  in  response 
to  TGF-p  in  cells  of  the  HaCaT  human  keratinocyte  line 
as  well  as  in  mink  lung  epithelial  cells  (Hannon  and 
Beach,  1994).  This  induction  of  pIS'^*^^^  is  likely  to  con¬ 
tribute  to  the  growth-inhibitory  activity  of  TGF-p,  since 
it  is  a  potent  inhibitor  of  the  cdk4  and  cdk6  cyclin- 
dependent  kinases  that  are  involved  in  progression 
through  the  G1  phase  of  the  cell  cycle.  A  second,  alterna¬ 
tive  mechanism  of  growth  inhibition  has  been  suggested 
by  the  observation  (Pietenpol  et  al.,  1990)  that  TGF-p 
treatment  causes  a  strong  reduction  in  expression  of 
the  myc  protooncogene,  whose  product  appears  to  be 
essential  for  normal  cell  cycle  progression.  Accordingly, 
we  examined  the  effects  of  Ski  on  the  ability  of  TGF-p 
to  upregulatepIS'^^"^®  and  to  downregulate  myc.  For  this 
purpose,  total  RNA  was  prepared  from  wild-type,  control 
vector-infected,  and  Ski-expressing  mink  cells  at  the 
end  of  a  12  hr  period  during  which  cells  were  treated 
with  TGF-p  at  0,  5, 10  and  20  pM  concentrations.  These 
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Figure  6.  Effect  of  Ectopic  Expression  of  Ski  in  Mink  Lung  Epithelial 
Cells  on  pi and  myc  Transcript  Levels 

(A)  RNase  protection  assay  of  various  derivatives  of  mink  lung  epi¬ 

thelial  cells  in  response  to  5, 10,  and  20  pM  TGF-p.  Total  RNA  was 
prepared  from  cells  that  were  treated  with  TGF-p  for  1 2  hr  at  various 
concentrations.  Total  RNA  (10  {xg)  was  used  for  analysis  of 
transcript;  50  |xg  of  total  RNA  was  used  for  the  analysis  of  myc 
transcript.  Actin  transcripts  were  analyzed  in  each  lane  simultane¬ 
ously  as  internal  control.  The  antisense-labeled  RNA  transcripts 
were  prepared  from  portions  of  mink  myc,  and  mouse  actin 

cDNA. 

(B)  The  quantitation  of  the  myc  transcript  level  normalized  against 
the  actin  transcript  level.  The  myc  transcript  level  of  cells  without 
TGF-p  treatment  was  used  as  one  unit,  and  all  the  other  normalized 
myc  levels  were  then  plotted  against  that  unit. 

(C)  The  quantitation  of  transcript.  The  fold  induction  of 

P‘]5ink4b  j,^  response  to  TGF-p  was  plotted.  RNA  levels  were 

normalized  against  actin  RNA  levels  present  in  the  same  prepara¬ 
tions. 


concentrations  had  been  used  in  the  earlier  experiments 
that  gauged  the  growth-inhibitory  effects  of  TGF-p  in 
the  presence  or  absence  of  TGF-p. 

As  shown  in  the  lower  panel  of  Figure  6A  and  quanti¬ 
fied  in  Figure  6C,  following  TGF-p  treatment,  a  strong, 
comparable  Induction  of  was  observed  in  the 

wild-type,  vector  control,  and  Ski-overexpressing  mink 
cells;  the  level  of  the  RNA  was  normalized  to 


Molecular  Cell 
506 


that  of  actin  RNA.  Therefore,  Ski  did  not  strongly  influ- 
ence  the  induction  of  by  TGF-p. 

The  effects  of  Ski  on  TGF-p-regulated  myc  expression 
were  quite  different,  however  (Figure  6).  In  consonance 
with  an  earlier  report  of  others  (Pietenpol  et  al.,  1990), 
TGF-p  treatment  at  concentrations  ranging  from  5  to  20 
pM  caused  a  progressive  reduction  in  myc  mRNA  levels 
in  the  wild-type  mink  cells,  an  effect  that  was  seen  as 
well  in  the  vector  control  cells.  These  reductions  closely 
paralleled  the  previously  observed  growth  inhibition 
gauged  by  the  pH]thymidine  incorporation  assay.  How¬ 
ever,  in  response  to  5-20  pM  TGF-p,  Ski-overexpressing 
cells  maintained  high  levels  of  myc  transcript,  while  we 
observed  a  50%-70%  reduction  of  myc  mRNA  in  wild- 
type  and  control  vector-infected  cells.  These  experi¬ 
ments  suggested  that  the  sustained  myc  mRNA  level 
was  closely  correlated  with  the  cells’  ability  to  resist 
growth  inhibition  by  TGF-p.  Indeed,  this  connection 
between  myc  transcript  levels  and  TGF-p-mediated 
growth  inhibition  may  be  causal;  others  have  observed 
that  ectopic,  constitutive  expression  of  Myc  enables 
mouse  keratinocytes  as  well  as  mink  lung  epithelial  cells 
to  resist  growth  inhibition  by  TGF-p  (Alexandrow  et  al., 
1995). 

Discussion 

We  demonstrate  here  that  the  Ski  oncoprotein  partici¬ 
pates  in  modulating  signaling  by  TGF-p.  Ski  binds  di¬ 
rectly  to  Smad3  following  its  phosphorylation  by  the 
ligand-activated  TGF-p  receptor  and  represses  tran¬ 
scription  of  Smad3-regulated  genes.  These  interactions 
occur  at  levels  of  Ski  and  Smad3  that  are  close  to  physio¬ 
logic  (Figure  2).  Overexpression  of  Ski  blocks  TGF- 
p-induced  transcriptional  activation  and  causes  cells  to 
resist  the  growth  inhibition  by  TGF-p,  and  such  tran¬ 
scription  repression  and  resistance  to  TGF-p  can  be 
reversed  by  overexpression  of  wild-type  Smad3.  These 
findings  reveal  a  novel  connection  between  Ski  and 
Smad3  and  shed  light  on  the  mechanism  of  both  TGF-p 
nuclear  signaling  as  well  as  the  mechanism  used  by  Ski 
for  cell  transformation. 

The  Ski  protein  has  been  shown  to  lack  a  DNA  binding 
ability  of  its  own  (Nagase  et  al.,  1990)  and  instead  to 
regulate  transcription  via  its  ability  to  associate  with 
other  nuclear  proteins  (Tarapore  et  al.,  1997;  Nicol  and 
Stavnezer,  1 998).  In  one  instance,  Ski  has  been  found 
to  repress  transcription  through  binding  to  unknown 
DNA-binding  proteins  via  multimerized  copies  of  the 
GTCTAGAC  site  cloned  upstream  of  a  minimal  promoter 
(Nicol  and  Stavnezer,  1998).  Indeed,  the  GTCTAGAC 
sequence  bound  by  Ski-associated  proteins  is  identical 
to  the  SBE  sequence  that  others  have  associated  with 
Smad  binding  (Zawel,  et  al,,  1998),  further  aligning  Ski 
function  with  that  of  Smad3.  These  results,  taken  to¬ 
gether,  demonstrate  that  Ski  binding  to  DNA  Is  mediated 
in  part  through  its  association  with  Smad3,  4,  or  hetero- 
meric  complexes  thereof,  which  in  turn  directly  deter¬ 
mine  the  sequence  specificity  of  DNA  binding  of  the 
resulting  higher  order  complexes.  Significantly,  others 
using  a  cross-linking  procedure  have  found  a  doublet  of 
proteins  associated  with  Ski  that  exhibit  electrophoretic 
mobilities  consistent  with  those  of  Smad3  and  Smad4 
(Nicol  and  Stavnezer,  1 998). 


TGF-p  appears  to  inhibit  cell  proliferation  through  mul¬ 
tiple  effector  pathways.  Among  them  is  the  documented 
ability  of  TGF-p  to  induce  expression  of  the 
cyclin-dependent  kinase  inhibitor  (Hannon  and  Beach, 
1994)  and  to  repress  expression  of  the  myc  protoonco¬ 
gene  (Pietenpol  et  al.,  1 990).  As  demonstrated  here  (Fig¬ 
ure  6),  ectopically  expressed  Ski  protein  is  able  to  dis¬ 
sect  these  two  pathways  from  one  another,  causing  a 
relief  of  myc  repression  by  TGF-p  while  having  no  effect 
on  TGF-p  induction  of  Thus,  the  continued  ex¬ 

pression  of  the  myc  gene  in  Ski-expressing  cells  treated 
with  TGF-p  Is  most  likely  a  consequence  of  the  ability 
of  Ski  to  interfere  with  Smad3/4  action,  which  in  turn  is 
responsible  in  some  fashion  for  mediating  the  downreg- 
ulation  of  myc  following  TGF-p  treatment.  This  contin¬ 
ued  myc  expression  may  explain  much  if  not  all  of  the 
acquired  resistance  to  TGF-p-mediated  growth  inhibi¬ 
tion  conferred  by  Ski,  since  constitutive  myc  expression 
has  been  shown  In  several  contexts  to  confer  resistance 
to  TGF-p  growth  inhibition  (Alexandrow  et  al.,  1995).  In 
avian  cells,  this  ability  of  Ski  to  influence  myc  expression 
in  a  positive  fashion  may  well  underlie  the  transforming 
activity  of  the  ski  oncogene.  Interestingly,  an  antagonis¬ 
tic  relationship  between  Ski  and  TGF-p  signaling  has 
been  explored  at  least  once  before  (Colmenares  and 
Stavnezer,  1989).  In  this  earlier  work,  TGF-p  was  found 
to  suppress  the  myogenic  differentiation  Induced  by 
overexpression  of  Ski  in  quail  embryo  fibroblast. 

The  Ski  protein  is  only  one  member  of  a  growing  list 
of  nuclear  factors  shown  to  be  capable  of  forming  com¬ 
plexes  with  the  Smad  proteins.  One  of  these  factors, 
Evi-1 ,  appears  to  antagonize  Smad3  function,  much  like 
the  Ski  protein  described  here  (Kurokawa  et  al.,  1998). 
However,  the  mechanisms  of  repression  are  quite  differ¬ 
ent.  Thus,  Evi-1  disrupts  DNA  binding  of  the  Smad3 
complex,  while  Smad3  binding  to  DNA  appears  to  be 
unaffected  by  its  association  with  Ski.  We  presume  that 
transcriptional  effects  imposed  by  Ski  on  Smad3/4  com¬ 
plexes  are  mediated  by  the  repression  domain  known 
to  be  associated  with  Ski  (Nicol  and  Stavnezer,  1998; 
Nomura  et  al.,  1 999).  In  addition,  while  Evi-1  can  interact 
equally  well  with  phosphorylated  and  unphosphorylated 
Smad3,  the  association  of  Ski  and  Smad3  is  greatly 
enhanced  by  the  TGF-p-induced  phosphorylation  of 
Smad3.  Yet  another  distinction  between  Evi-1  and  Ski 
is  that  Ski  is  capable  of  interacting  with  both  Smad3 
and  Smad4  while  Evl-1  seems  to  bind  only  to  the  Smad3 
protein. 

Taken  together  with  previous  reports,  the  present  evi¬ 
dence  suggests  a  model  of  Smad3  and  Ski  action.  Upon 
phosphorylation  at  its  C-terminal  serines  by  the  acti¬ 
vated  type  I  receptor  kinase,  Smad3  translocates  to  the 
nucleus  and  participates  in  the  regulation  of  transcrip¬ 
tion  of  specific  target  genes.  Smad3/4  complexes  bind 
to  their  cognate  binding  sites  (GTCTAGAC)  to  positively 
regulate  expression  of  target  genes,  doing  so  through 
their  interaction  with  other  transcription  factors  and  the 
p300  transcriptional  coactivator.  The  present  work  sug¬ 
gests  that  Smad3  can  also  participate  in  the  negative 
regulation  of  downstream  genes.  It  does  so  by  binding 
to  Ski,  which,  in  turn,  interacts  with  the  nuclear  hormone 
corepressor  (N-CoR)  as  well  as  Sin3;  the  latter  also  asso¬ 
ciates  with  a  histone  deacetylase  (HDAC)  (Nomura  et 
al.,  1999).  Hence,  the  ultimate  outcome  that  Smad3/4 
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complexes  have  on  transcription  of  specific  target  genes 
will  be  determined  by  the  combinatorial  effects  of  sev¬ 
eral  factors,  including  the  levels  of  specific  interacting 
proteins  within  the  nucleus  as  well  as  the  specific  bind¬ 
ing  sites  present  in  the  promoter;  either  the  transcription 
is  turned  on  through  the  action  of  the  coactivators  or 
turned  off  through  the  function  of  transcription  re¬ 
pressors. 

A  similar  model  was  proposed  to  explain  the  actions 
of  TGIF,  a  homeodomain-containing  protein  that  binds 
to  Smad2  (Wotton  et  al.,  1999).  TGIF  functions  as  a 
transcriptional  corepressor  by  recruiting  histone  deacet- 
ylase,  much  like  the  role  Ski  plays  in  assembling  tran¬ 
scription  repression  complexes  containing  N-CoR,  Sin3, 
and  a  histone  deacetylase.  The  two  models  suggest 
that  different  Smad  proteins  might  interact  with  distinct 
corepressors  to  recruit  histone  deacetylases  to  repress 
transcription  through  chromatin  remodeling.  However, 
beyond  these  superficial  similarities,  the  two  types  of 
complexes  operate  quite  differently,  both  at  the  bio¬ 
chemical  and  biological  level.  The  activated  Smad2/ 
4:TGIF  protein  complex  binds  to  an  ARE  DNA  sequence 
element  through  FAST-1,  while  the  TGF-p  receptor-acti¬ 
vated  Smad3/4  complex  binds  directly  to  DNA  and,  ap¬ 
parently  independent  of  this  binding,  associates  with 
Ski.  The  Smad2/4:TGIF  complexes  lead  to  repression 
of  transcription  of  activin-regulated  genes,  some  of 
which  are  important  for  early  embryonic  development 
while  the  Smad3/4:Ski  complexes  are  responsible  for 
repression  of  TGF-p-responsive  genes,  some  of  which 
are  critical  for  mediating  the  antiproliferative  effect  of 
TGF-p.  It  remains  to  be  seen  whether  different  Smad 
proteins  associate  specifically  with  distinct  corepres¬ 
sors,  or  whether,  depending  upon  promoter  context,  the 
various  Smad-containing  complexes  can  interact  with 
a  common  set  of  corepressors. 

The  association  of  Ski  and  Smad3  thus  uncovers  ap¬ 
parent  physiologic  antagonists  of  the  TGF-p  signaling 
pathway,  which,  like  other  growth-inhibitory  mecha¬ 
nisms  in  the  mammalian  cell,  operate  to  suppress  tumor 
formation.  To  date,  the  TGF-p  pathway  has  been  found 
to  be  inactivated  in  human  tumor  cells  through  a  variety 
of  mechanisms,  including  suppression  of  receptor  ex¬ 
pression,  mutational  inactivation  of  the  reading  frame 
of  the  type  II  receptor,  and  mutational  inactivation  of 
the  Smad2  and  Smad4  proteins,  which  transduce  sig¬ 
nals  from  the  receptor  to  the  nucleus  (Kimchi  et  al., 
1988;  Markowitz  et  al.,  1995;  Eppert  et  al.,  1996;  Hahn 
et  al.,  1 996).  Moreover,  in  mice,  the  germline  inactivation 
of  Smad3  leads  to  colorectal  tumors  with  100%  pene¬ 
trance  in  certain  genetic  backgrounds  (Zhu  et  al.,  1998). 

The  present  work  indicates  that  the  operations  of  the 
TGF-p  signaling  pathway  may  be  compromised  in  yet 
another  way,  specifically  by  the  activity  of  antagonists 
like  the  Ski  oncoprotein.  This  echoes  interactions  known 
to  perturb  other  growth-inhibitory  pathways  in  which 
the  tumor  suppressor  functions  of  proteins  like  pRb  and 
p53  are  directly  reversed  through  the  actions  of  various 
oncoproteins.  We  suggest  that  the  oncogenic  effects  of 
Ski  derive  in  part  through  its  ability  to  interdict  the 
growth-inhibitory  signals  Initiated  by  members  of  the 
TGF-p  family  of  ligands,  doing  so  via  its  ability  to  antago¬ 
nize  Smad3/4  complexes. 


Experimental  Procedures 

Nuclear  Lysate  and  Recombinant  Protein  Preparation 
Mink  lung  epithelial  cells  were  trypsinized,  and  the  cell  pellet  was 
homogenized  in  hypotonic  buffer  A  (10  mM  HEPES  [pH  7.5],  5  mM 
NaF,  1  mM  DTT,  1  x  protease  inhibitor  cocktail  [Boehringer  Mann¬ 
heim,  Indianapolis,  IN],  10%  glycerol).  After  centrifugation  at  500  x 
g,  the  pellet  was  washed  via  homogenization  in  low-salt  lysis  buffer 
B  for  three  times  (0.1  %  NP-40,  25  mM  Tris-d  [pH  7.5],  1 0  mM  NaCI, 
3  mM  MgCb,  10  mM  NaF,  1  mM  p-glycerophosphate,  1  mM  p-mer- 
captoethanol,  lx  protease  inhibitor  cocktail,  10%  glycerol).  The 
nuclear  pellet  at  this  stage  was  extracted  with  high-salt  buffer  C 
(150  mM  NaCI,  0.1%  NP-40,  50  mM  Tris-CI  [pH  7.5],  50  mM  NaF, 
50  mM  p-g!ycerophosphate,  1  mM  p-mercaptoethanol,  1  x  protease 
inhibitor  cocktail,  10%  glycerol).  For  cell  fractionation  experiments, 
the  cell  pellet  was  homogenized  in  buffer  A  and  centrifuged  at  500  x 
g  to  collect  the  nuclear  pellet.  The  remaining  supernatant  was  further 
subjected  to  high-speed  centrifugation  at  100,000  x  g  to  separate 
the  membranous  and  the  cytosolic  fractions.  Recombinant  GST- 
SmadSD-C  terminus  was  prepared  essentially  as  described  (Guan 
and  Dixon,  1991). 


Mass  Spectrometry  Sequencing 

Excised  spots  were  subjected  to  in-gel  reduction,  carboxyamido- 
methylation,  and  tryptic  digestion  (Promega,  Madison,  WI).  Multiple 
peptide  sequences  were  determined  in  a  single  run  by  microcapillary 
reverse-phase  chromatography  directly  coupled  to  a  Finnigan  LCQ 
quadrupole  ion  trap  mass  spectrometer.  The  ion  trap  was  pro¬ 
grammed  to  acquire  successive  sets  of  three  scan  modes  consisting 
of:  full  scan  MS  over  alternating  ranges  of  395-800  m/z  or  800-1300 
m/z,  followed  by  two  data-dependent  scans  on  the  most  abundant 
ion  in  those  full  scans.  These  data-dependent  scans  allowed  the 
automatic  acquisition  of  a  high-resolution  (zoom)  scan  to  determine 
charge  state  and  exact  mass,  and  MS/MS  spectra  for  peptide  se¬ 
quence  information.  MS/MS  spectra  were  acquired  with  a  relative 
collision  energy  of  35%,  an  isolation  width  of  2.5  dalton,  and  dynamic 
exclusion  of  ions  from  repeat  analysis.  Interpretation  of  the  resulting 
MS/MS  spectra  of  the  peptides  was  facilitated  by  programs  devel¬ 
oped  in  the  Harvard  Microchemistry  Facility  (Chittum  et  al.,  1998) 
and  by  database  correlation  with  the  algorithm  SEQUEST  (Eng  et 
al.,  1994). 

Expression  of  SmadS  and  Ski 

N-terminally  HA-tagged  Ski  was  cloned  in  both  the  pEXL  (Hua  et 
al.,  1998)  and  the  pCI-Neo  vectors  (Promega,  Madison,  Wl).  Cells 
were  lysed  in  0.4  ml  buffer  C  with  NaCI  adjusted  to  400  mM.  The 
mixture  was  then  centrifuged  at  100,000  x  g  for  15  min,  the  lysate 
was  then  diluted  with  buffer  C  without  NaCI,  and  appropriate  anti¬ 
bodies  (5  fjig)  were  added.  The  lysates  were  incubated  at  4°C  for  3 
hr  with  10  |xl  protein  A  beads  prebound  with  1  |xl  rabbit  anti-mouse 
antibody  (Upstate  Biotech,  Lake  Placid,  NY).  The  immunoprecipi- 
tates  were  eluted  from  beads  by  boiling  for  5  min  at  1 00°C  in  30  |jlI 
2x  SDS  sample  buffer  (100  mM  Tris-HCI  [pH  6.8],  200  mM  DTT,  4% 
SDS,  0.2%  Bromphenol  blue,  and  20%  glycerol)  and  resolved  by 
electrophoresis  through  a  10%  SDS-PAGE  gel  followed  by  autoradi¬ 
ography. 

HA-tagged  Ski  was  also  cloned  in  the  pBabe-puro  vector  (Morgen- 
stern  and  Land,  1990)  as  well  as  in  pMX-IRES-CD2  vector  (X.  L., 
unpublished  data).  pBABE-puro-HA-Ski  and  the  pMX-HA-Ski-IRES- 
CD2  constructs  were  transfected  Into  Phoenix  packaging  cells  or 
BOSC  cells  by  calcium  phosphate  precipitation  (Sambrook  et  al., 
1989).  Forty-eight  hours  after  transfection,  virus  supernatants  were 
collected.  5x10^  Mvl  Lu  L20  cells  were  infected  with  viral  superna¬ 
tant  in  the  presence  of  4  |xg/ml  of  polybrene  for  4  hr  and  fresh 
medium  was  added  afterward.  Forty-eight  hours  after  the  infection, 
cells  were  selected  with  puromycin  at  1.5  img/ml  for  10  days  before 
individual  clones  were  selected  for  Ski-expressing  cells.  Cells  ex¬ 
pressing  Ski  were  sorted  by  FACstar  cell  sorter  (Becton-DIckinson, 
Franklin  Lakes,  NJ)  according  to  their  cell  surface  CD2  level  detected 
by  fluorescently  labeled  anti-CD2  antibody  (PharMingen,  San  Diego, 
CA)  and  used  as  populations.  Cells  expressing  Flag-tagged  Smad3 
were  done  essentially  as  described  (Liu  et  al.,  1997). 
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Luciferase  and  Gel  Shift  Assay 

it  was  done  essentially  as  described  earlier  (Liu  et  al.,  1997;  Hua  et 
al.,  1998). 

pH]Thymidine  Incorporation  Assay 

It  was  done  essentially  as  described  earlier  (Liu  et  al.,  1997). 
RNase  Protection  Assay 

Antisense  RNA  probe  of  mink  myc  (mink  cDNA,  aa  48-1 37  according 
to  human  cDNA),  (Reynisdottir  et  al.,  1995),  and  mouse  actin 

were  synthesized  in  vitro  using  a  Maxiscript  kit  (Ambion,  Austin, 
TX).  myc  and  probes  of  60,000  cpm  and  an  actin  probe  of 

10,000  cpm  were  used  to  detect  myc  and  transcripts  in  50 

|jLg  and  10  ixg  total  RNA,  respectively,  using  RPAII  kit  (Ambion, 
Austin,  TX). 
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Transforming  growth  factor-/?  (TGF-/3)  binds  to  and 
signals  via  two  serine-threonine  kinase  receptors,  the 
type  I  (Tj3Rl)  and  type  II  (T/3RII)  receptors.  We  have 
used  different  and  complementary  techniques  to  study 
the  physical  nature  and  ligand  dependence  of  the  com¬ 
plex  formed  by  T/3RI  and  T/3RII.  Velocity  centrifugation 
of  endogenous  receptors  suggests  that  ligand-bound 
T/3R1  and  T/3RII  form  a  heteromeric  complex  that  is 
most  likely  a  heterotetramer.  Antibody-mediated  immu¬ 
nofluorescence  co-patching  of  epitope-tagged  receptors 
provides  the  first  evidence  in  live  cells  that  Tj8RI*T/3RII 
complex  formation  occurs  at  a  low  but  measurable  de¬ 
gree  in  the  absence  of  ligand,  increasing  significantly 
after  TGF-/3  binding.  In  addition,  we  demonstrate  that 
pretreatment  of  cells  with  dithiothreitol,  which  inhibits 
the  binding  of  TGF-/3  to  T/3RI,  does  not  prevent  forma¬ 
tion  of  the  T/5RI*T/5RII  complex,  but  increases  its  sensi¬ 
tivity  to  detergent  and  prevents  TGF-/3-activated  T/3RI 
from  phosphorylating  Smad3  in  vitro.  This  indicates 
that  either  a  specific  conformation  of  the  T/3RI*T/3RII 
complex,  disrupted  by  dithiothreitol,  or  direct  binding 
of  TGF-/5  to  T/3R1  is  required  for  signaling. 


The  transforming  growth  factor- j8  (TGF-/3)^  ligands  are 
members  of  a  large  superfamily  of  cystine  knot  growth  factors, 
which  includes  decapentaplegic  (dpp)  from  Drosophila  melano- 
gaster  as  well  as  the  Miillerian-inhibiting  substance  and  the 
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activins  and  bone  morphogenetic  proteins  from  mammals.  The 
TGF-j3s  are  important  modulators  of  development,  the  extra¬ 
cellular  matrix,  and  the  immune  response;  they  are  potent 
growth  inhibitors  in  many  cell  types,  and  their  receptors  and 
some  downstream  signaling  elements  are  tumor  suppressors 
(1-5). 

TGF-/3  signals  through  the  sequential  activation  of  two  ser¬ 
ine-threonine  kinase  cell  surface  receptors  (6—10),  termed  type 
I  and  type  II  (T)3RI  and  TjSRII).  These  two  receptors  physically 
associate  to  form  a  stable  complex  (8,  11).  Several  chimeric 
receptor  systems  have  established  that  this  complex  is  required 
for  signaling  (12-16).  Whether  it  is  preformed  or  ligand-in¬ 
duced  is  controversial.  Isolation  of  a  T/SRTTjSRII  complex  from 
detergent  lysates  was  possible  only  after  pretreatment  with 
TGF-/3  (9).  Ligand-independent  interactions  between  receptor 
cytoplasmic  domains,  however,  have  been  detected  in  trans¬ 
fected  COS  cells  and  in  the  yeast  two-hybrid  system,^  and  work 
with  TGF-)32  (which  requires  both  receptors  to  bind)  suggests 
that  at  least  a  small  percentage  of  the  cell  surface  receptor 
population  is  in  preformed  complexes  (9,  17-19).  Data  from 
experiments  on  the  effect  of  DTT  also  raise  questions  about  the 
role  of  ligand  in  the  complex.  Treatment  of  cells  with  DTT 
prevents  TGF-j3  binding  to  TjSRI  but  not  to  TjSRII  (8, 20)  and,  in 
vitro,  prevents  formation  of  the  TjSRI-TjSRII  complex.^ 

The  stoichiometry  of  the  signaling  complex  is  not  known. 
TjSRI  and  TjSRII  form  ligand-independent  homodimers  in  the 
endoplasmic  reticulum  and  on  the  cell  surface  (21,  22).  The 
simplest  model  is  that  two  homodimers  form  a  heterotet- 
rameric  signaling  complex  induced  or  activated  by  TGF-jS.  This 
view  is  supported  by  studies  based  on  functionally  complemen¬ 
tary  type  I  receptor  mutants  and  on  chimeric  TGF-jS/erythro- 
poietin  receptors  demonstrating  that  type  I  dimers  are  re¬ 
quired  for  signaling  (13,  23).  Yamashita  et  al.  (24)  used 
nonreducing/reducing  two-dimensional  SDS-PAGE  to  isolate 
ligand-bound  TjSRI  and  TjSRII  homo-  and  heterodimers.  They 
speculate  that  these  are  derived  from  heterotetramers,  al¬ 
though  their  data  are  also  consistent  with  smaller  complexes. 

We  report  here  studies  on  the  physical  nature  of  the 
TjSRI-TjSRII  complex.  We  demonstrate  that  the  complex  is  most 
likely  a  stable  heterotetramer.  Our  studies  show  conclusively 
that  some  TjSRI-TjSRII  complexes  exist  at  the  surface  of  live 
cells  in  the  absence  of  ligand,  and  that  TGF-^  significantly 
enhances  heterocomplex  formation.  DTT  treatment,  which  pre¬ 
vents  TGF-j8  binding  to  TjSRI,  does  not  inhibit  complex  forma- 


^  R.  Perlman  and  R.  A.  Weinberg,  personal  communication. 

^C.  Rodri^ez,  R.  Lin,  R.  G.  Wells,  P.  Scherer,  and  H.  F.  Lodish, 
manuscript  in  preparation. 
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tion  but  does  result  in  the  failure  of  TjSRI  from  DTT-treated 
cells  to  phosphorylate  SmadS  in  vitro.  We  suggest  that  ligand 
binding  to  the  two  receptors  may  have  different  functions,  and 
that  complex  formation  itself  is  not  sufficient  for  signal 
initiation. 

EXPERIMENTAL  PROCEDURES 

Materials  and  Constructs — COST  (CRL  1651),  L6  (CRL  1458),  and 
MvlLu  (CCL  64)  cells  were  grown  as  described  previously  (22,  25).  9E10 
(a-Myc)  mouse  ascites  was  from  Harvard  Monoclonals  and  12CA5  (ct- 
HA)  from  BabCO.  Fluorophore-labeled  affinity-purified  antibodies, 
Cy3-streptavidin,  and  biotinylated  F(ab')2  of  GctM  (goat  anti-mouse 
F(ab')2  were  from  Jackson  Immunoresearch  Laboratories.  IgG  fractions 
and  monovalent  F(abO  fragments  were  prepared  as  described  (22,  26, 
27).  Untagged  T/3RI,  TjSRII,  and  N-terminally  HA-  and  Myc-tagged 
receptors  were  as  described  previously  (6,  10,  21,  22). 

Binding  and  Cross-linking — Radioiodination  ofTGF-/31  (Celtrix  Lab¬ 
oratories  and  R&D  Systems)  and  binding  and  cross-linking  of  subcon¬ 
fluent  cells  were  as  described  (25).  Cells  were  preincubated  (30  min, 
37  °C)  in  KRH  (50  mM  HEPES,  pH  7.5,  128  mM  NaCl,  1.3  mM  CaCl^,  5 
mM  MgS04,  5  mM  KCl)  containing  0.5%  fatty  acid  free  BSA  (KRH/BSA; 
Sigma).  DTT-treated  cells  were  incubated  with  2  mM  DTT  (5  min,  37  °C) 
and  then  rinsed  three  times  with  warm  KRH/BSA.  Cells  were  then 
incubated  (1-4  h,  4  "C)  in  fresh  KRH/BSA  with  100  pM  ^^^I-TGF-jSl. 
Cross-linking  was  performed  with  0.5  mg/ml  disuccinimidyl  suberate 
(Pierce)  for  15  min,  followed  by  quenching  with  20  mM  glycine.  Cells  to 
be  used  for  gradients  (Fig.  1)  were  then  rinsed,  incubated  in  0.2  mM 
iodoacetamide  in  KRH  (15  min,  4  °C),  and  lysed  in  150  ju,l  of  MNT  lysis 
buffer  (20  mM  MES,  pH  6.0,  30  mM  Tris,  pH  7.4,  100  mM  NaCl,  with  2% 
^-octyl-polyoxyethylene  (octyl-POE;  Bachem  Bioscience)),  For  co-immu- 
noprecipitation  (Fig.  3),  cells  were  lysed  in  1  ml  of  various  lysis  buffers 
(see  Fig.  3  legend).  After  clearing  the  lysates,  100  fjl  were  analyzed 
directly  by  SDS-PAGE.  The  remainder  was  split  in  half  and  immuno- 
precipitated  (overnight,  4  °C)  with  either  10  pl/ml  of  antibody  a-HC,  a 
polyclonal  rabbit  antiserum  raised  against  the  C-terminal  16  amino 
acids  of  the  type  II  receptor  (11),  or  14  /xl/ml  of  antibody  VPN,  raised 
against  the  juxtamembrane  region  of  the  human  type  I  receptor  (6). 
After  an  additional  30  min  of  incubation  with  50  (xl  1:1  protein  A- 
Sepharose  in  PBS,  bound  beads  were  rinsed  twice  with  the  original  lysis 
buffer  then  once  with  PBS.  Protein  was  eluted  into  SDS-sample  buffer 
and  analyzed  by  SDS-PAGE. 

Velocity  Centrifugation  on  Sucrose  Gradients — The  velocity  centrif¬ 
ugation  technique  has  been  described  elsewhere  (22).  Briefly,  cleared 
lysates  (150  /xl  in  MNT  lysis  buffer)  were  mixed  with  50  /xl  size  markers 
(29-669  kDa;  Sigma)  and  layered  over  7.5-30%  sucrose  gradients  in 
MNT/1%  octyl-POE.  Centrifugation  was  for  8  h,  60,000  rpm,  in  an 
SW60  rotor  (Beckman)  at  4  “C.  250  jllI  fractions  were  removed  sequen¬ 
tially  from  the  top  of  each  gradient.  After  removal  of  25  jllI  for  SDS- 
PAGE  and  Coomassie  staining  (to  analyze  migration  of  markers  for 
each  individual  gradient),  fractions  were  immunoprecipitated  with 
a-IIC  or  VPN.  Samples  were  analyzed  by  7.5%  SDS-PAGE.  Autoradio¬ 
graphs  were  quantified  with  a  LaCie  Silverscanner  II  and  MacBAS 
(Fuji)  software. 

Immunofluorescence  Co-patching — The  method  used  has  been  de¬ 
scribed  elsewhere  (21,  22).  In  the  protocol  used  (detailed  in  Ref.  21), 
COS7  cells  co-transfected  with  T/3RI-Myc  and  TjSRII-HA  were  preincu¬ 
bated  (30  min,  37  °C)  in  serum-free  Dulbecco’s  modified  Eagle’s  me¬ 
dium,  washed  twice  with  cold  Hanks’  balanced  salt  solution  with  20  mM 
HEPES,  pH  7.4,  containing  1%  fatty  acid-free  BSA,  and  incubated 
successively  with  (a)  normal  goat  IgG  (200  jutg/ml)  to  block  nonspecific 
binding;  (b)  a-Myc  F(ab')  (50  /xg/ml);  (c)  F(ab’)  of  biotinylated  GaM  (5 
p.g/ml);  id)  F(ab')  of  unlabeled  GaM.  (200  p-g/ml),  used  to  block  all  free 
epitopes  on  the  a-Myc  F(ab');  (e)  a-HA  IgG  (20  jag/ml);  (f)  fluorescein 
isothiocyanate-labeled  GaM  (20  jag/ml).  After  fixation  (3.2%  para-form- 
aldehyde  in  PBS,  pH  7.4,  with  1.1%  lysine  and  0.24%  NaI04)  and 
quenching  with  50  mM  glycine  in  PBS  (21),  the  cells  were  incubated 
with  0.5  /xg/ml  Cy3  streptavidin,  and  mounted  with  mowiol  (Hoechst) 
containing  29  mM  n-propyl  gallate  (Sigma).  Note  that  membrane  pro¬ 
teins  retain  some  lateral  mobility  after  paraformaldehyde  fixation,  and 
can  therefore  be  patched  by  streptavidin  because  of  its  super-high 
binding  affinity  and  multivalent  nature.  Fluorescence  microscopy  and 
digital  image  acquisition  (CC/CE  200  CCD  camera,  Photometries)  were 
described  (21).  For  each  field,  fluorescein  and  Cy3  images  were  taken 
separately  using  highly  selective  filter  sets;  the  two  images  were  su¬ 
perimposed,  exported  to  Photoshop  (Adobe)  and  printed  (21). 

GST-SmadS  Kinase  Assay — The  construction  of  cell  line  MvlLu- 
Flag-N-Smad3,  MvlLu  in  which  an  N-terminally  Flag-tagged  SmadS 


gene  was  stably  expressed,  was  described  elsewhere  (28).  GST-Smad3 
(construct  provided  by  Ying  Zhang  and  Rik  Derynck)  (29)  protein  was 
prepared  from  bacterial  lysate  as  described  (30).  MvlLu  cells  (Fig.  4A) 
were  incubated  in  KRH/BSA  for  30  min  at  37  “C,  followed  by  5  min  with 
or  without  2  mM  DTT.  They  were  washed  three  times  with  KRH/BSA, 
and  incubated  with  100  pM  unlabeled  TGF-/31  (10  min,  37  ®C).  Cells 
were  then  washed  and  lysed  in  1  ml  of  lysis  buffer  (150  mM  NaCl,  1% 
Nonidet  P-40,  50  mM  Tris-HCl,  pH  7.5,  50  mM  NaF,  50  mM  /3-glycero- 
phosphate,  1  mM  NaaVOg,  1  mM  DTT,  5  mM  EDTA,  pH  8.0,  1  mM 
phenylmethylsulfonyl  fluoride,  1  mg/ml  leupeptin,  10%  glycerol).  Su¬ 
pernatants  were  equalized  for  protein  content  and  incubated  with  2  /xg 
of  GST-Smad3  (3  h,  4  ®C).  The  GST  fusion  protein  was  bound  to  10  /xl  of 
glutathione  beads  that  were  washed  three  times  with  lysis  buffer,  then 
washed  again  with  kinase  buffer  (50  mM  NaCl,  20  mM  Tris,  pH  7.5,  12 
mM  MgCla,  5  mM  DTT)  and  subjected  to  an  in  vitro  kinase  reaction  with 
0.2  mM  unlabeled  ATP  and  50  /xCi  [y-^‘^F]ATF  (20  /xl,  30  '’C,  30  min).  For 
Fig.  4B,  lysates  from  MvlLu-Flag-N-Smad3  cells  treated  similarly  were 
immunoprecipitated  with  the  anti-T/3RI  antibody  VPN  (6),  with  or 
without  3  /xg/ml  competing  peptide,  before  the  incubation  with  GST- 
Smad3  and  [7-^^P]ATP  under  the  above  conditions.  SDS-containing 
sample  buffer  was  added,  and  the  samples  boiled  to  terminate  the 
kinase  reaction.  Samples  were  analyzed  by  8%  SDS-PAGE. 

RESULTS 

TpRI  and  TfiRII  Form  Stable,  Heterotrimeric,  or  Heterotet- 
rameric  Complexes — We  studied  the  size  of  the  cell  surface 
ligand-bound  and  cross-linked  T/SRTT/SRII  complex  using  su¬ 
crose  gradient  velocity  centrifugation,  a  technique  we  used 
previously  to  show  that  both  receptors  form  homodimer-sized 
complexes  in  the  endoplasmic  reticulum  (22).  Cells  were  lysed 
with  octyl-POE,  a  nonionic  detergent  with  a  density  of  1  and  a 
high  CMC  that  enables  analysis  of  the  migration  of  detergent- 
solubilized  proteins  rather  than  of  micelles  (31).  ^^^I-TGF-j31- 
bound  and  cross-linked  T/3RII  from  COSY  cells  transfected  with 
T/3RII  alone  migrated  with  a  peak  centered  at  fraction  7,  the 
position  of  a  150-kDa  marker  protein  (Fig.  lA,  top  and  bottom 
panels).  Although  absolute  size  determinations  can  be  inaccu¬ 
rate  for  detergent-solubilized  membrane  proteins,  this  is  con¬ 
sistent  with  a  homodimer  bound  to  one  or  more  molecules  of 
TGF-j31,  as  expected  from  previous  gradient  analysis  and  im¬ 
munofluorescence  (21,  22).  T/3RII  from  COSY  cells  cotrans¬ 
fected  with  both  TjSRI  and  T)3RII  (Fig.  L4,  middle  and  bottom 
panels)  and  immunoprecipitated  with  an  antibody  against 
TjSRI,  thus  in  a  TjSRTTjSRII  complex,  migrated  more  quickly 
with  a  peak  centered  around  fraction  8,  indicative  of  a  hetero- 
trimeric  or  tetrameric  complex. 

L6  rat  myoblasts,  TGF-jS-responsive  cells  which  lack  the  type 
III  TGF-jS  receptor,  show  similar  receptor  complexes.  TGF-jSl- 
bound  type  I  and  II  receptors  immunoprecipitated  with  an 
antibody  against  TjSRII  both  migrated  with  a  peak  centered  at 
fraction  10,  correlating  with  markers  between  230  and  265  kDa 
(Fig.  IB,  top  and  bottom  panels),  and  consistent  with  a  het- 
erotetrameric  or  trimeric  complex.  Nearly  identical  results 
were  obtained  with  TGF-jS2  and  with  other  cell  lines,  including 
MvlLu,  HYB2,  THPl,  and  GH3  (data  not  shown).  Immunopre- 
cipitation  with  an  antibody  against  TjSRI  (data  not  shown)  gave 
similar  results,  indicating  the  absence  of  a  significant  popula¬ 
tion  of  ligand-bound  TjSRII,  which  is  not  in  a  complex  with 
TjSRI.  Pretreatment  of  cells  with  DTT  (Fig.  LB,  middle  and 
bottom  panels)  prevented  ligand  binding  and  cross-linking  to 
TjSRI  and  slowed  the  migration  of  TjSRII  to  a  peak  centered 
around  155  kDa.  The  DTT-treated  complex  is  likely  a  dimer  (for 
comparison,  see  singly  transfected  COS  cells  in  Fig.  lA),  indi¬ 
cating  disruption  of  the  TjSRI-TjSRII  complex  under  these  con¬ 
ditions.  DTT  does  not  appear  to  affect  TjSRII  homodimers,  a 
finding  consistent  with  previous  results  (21).  The  DTT  effect 
appears  to  be  on  the  cross-linking  of  ligand  to  TjSRI  rather  than 
on  cross-linking  between  TjSRI  and  TjSRII,  because  immuno- 
precipitation  of  TjSRI  from  DTT-treated  cells  following  ligand 
binding  and  cross-linking  showed  the  absence  of  ligand-labeled 
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Fig.  1.  Type  I  and  II  receptors  form  stable  heterotetrameric  or  trimeric  complexes  in  COS7  and  L6  cells.  Cells  were  cross-linked  to 
^^®I-TGF-/31,  lysed,  and  subjected  to  velocity  centrifugation  over  sucrose  gradients.  A,  COS7  cells  were  transfected  with  TjSRII  alone  {top  panel)  or 
together  with  T/3RI  {middle panel).  Fractions  from  the  sucrose  gradients  were  immunoprecipitated  with  anti-T/3RII  {top)  or  anti-Tj3RI  {middle)  and 
analyzed  by  SDS-PAGE.  Migration  of  the  type  11  receptor  on  each  gradient  was  quantified  and  normalized  to  the  peak  value  and  is  shown  in  the 
bottom  panel.  Size  estimates  (in  kDa)  are  from  size  markers  included  in  each  gradient  tube.  Receptors  from  doubly  transfected  cells  {middle)  were 
immunoprecipitated  with  antibody  against  T/3RI,  ensuring  that  all  T^RII  measured  is  part  of  the  complex  and  not  from  singly  transfected  cells. 
Quantification  of  the  immunoprecipitated  ligand-labeled  type  I  receptor  results  in  a  nearly  identical  curve  (data  not  shown).  The  broad  nature  of 
the  peak  for  cells  transfected  with  TjSRII  alone  may  reflect  some  association  of  TjSRII  with  the  small  number  of  endogenous  T/3RI  found  in  COST 
cells.  B,  L6  cells  were  treated  as  in  A,  except  that  cells  in  the  middle  panel  were  treated  with  2  mM  DTT  before  ligand  binding.  Fractions  were 
immunoprecipitated  with  anti-T)3RII.  Migration  of  TjSRII  {middle  panel)  or  both  receptors  {top)  on  the  gradients  was  quantified  {bottom  panel). 
Note  that  fraction  numbers  are  comparable  only  within  a  given  experiment,  and  that  migration  of  markers  for  part  A  and  part  B  was  slightly 
different.  Control  experiments  demonstrate  that  only  minimal  dissociation  of  receptor-bound  but  noncross-linked  ligand  occurred  in  detergent 
lysates  over  the  8  h  required  for  centrifugation  (data  not  shown). 


Tj3RI  (Fig.  3).  Analogously,  ligand  binding  and  cross-linking 
after  DTT  treatment  either  to  endogenous  TGF-j8  receptors  (20) 
or  to  COS  cells  transiently  expressing  TjSRI  and  T)3RII  (not 
shown)  failed  to  reveal  TjSRI  labeling. 

TpRI  and  T^RII  Form  a  Ligand-dependent  Complex  in  Live 
Cells — To  study  the  TjSRLTjSRII  complex  in  live  cells,  we  used 
TjSRI  and  TjSRII  carrying  HA  or  Myc  epitope  tags  at  their 
extracellular  termini  for  immunofluorescence  co-patching,  a 
technique  that  we  developed  and  have  described  previously  (21, 
22).  Briefly,  a  tagged  receptor  at  the  surface  of  live,  unfixed 
cells  (in  the  cold  to  avoid  internalization)  is  forced  into  patches 
by  a  double  layer  of  bivalent  IgGs  where  the  secondary  anti¬ 
body  is  coupled  to  one  fluorophore  {e.g.  fluorescein,  which  emits 
green  fluorescence).  A  second  receptor,  containing  a  different 
tag,  is  labeled  by  antibodies  coupled  to  a  second  fluorophore 
{e.g,  Cy3,  red  fluorescence).  The  cells  are  examined  by  fluores¬ 
cence  microscopy  to  determine  whether  the  two  receptors  are 


swept  into  mutual  (yellow)  or  separate  (red  or  green)  micro¬ 
patches.  We  have  employed  this  method  successfully  to  dem¬ 
onstrate  that  all  three  TGF-jS  receptors  form  ligand-indepen¬ 
dent  homodimers  (21,  22). 

Fig.  2  shows  the  results  of  co-patching  experiments  per¬ 
formed  on  COS 7  cells  co-transfected  with  TjSRI-Myc  and 
Tj8RII-HA.  The  labeling  specificity  is  high,  as  shown  in  a  con¬ 
trol  experiment  on  cells  transfected  with  TjSRI-Myc  alone  (Fig. 
2A,  inset);  these  cells  show  only  Cy3  labeling.  In  the  absence  of 
ligand  (Fig.  2A),  15-20%  of  the  patches  were  mutual  (yellow), 
although  the  majority  were  separate  (either  green  or  red).  In 
the  presence  of  250  pM  TGF-j31,  the  percentage  of  mutual 
patches  markedly  increased  to  40-50%  (Fig.  2B),  demonstrat¬ 
ing  that  TjSRI  and  TjSRII  at  the  surface  of  live  cells  have  an 
inherently  low  probability  of  forming  heterocomplexes  that  is 
significantly  enhanced  by  ligand  binding.  The  fraction  of  a 
given  receptor  type  in  heterocomplexes  is  proportional  to  the 
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Fig.  2.  Type  I/II  hetero-oligomers  are  TGF-/3-dependent  and  DTT-independent  in  live  cells.  C0S7  cells  were  co  transfected  with 
T/3RI-Myc  and  T^RII-HA  {A-D),  or  with  TjSRI-Myc  alone  {panel  A,  inset).  48  h  after  transfection,  cells  in  (C)  and  {D)  were  pretreated  with  2  niM 
DTT  (15  min,  37  °C).  The  live  cells  were  incubated  in  the  cold  with  {B  and  D)  or  without  (A  and  C)  250  pM  TGF-^1  for  2  h,  followed  by  successive 
incubations  with  a  series  of  antibodies  to  mediate  patching  and  fluorescent  labeling  (see  “Experimental  Procedures”).  The  labeling  protocol  results 
in  TjSRI-Myc  labeled  by  Cy3  (red),  Tj8RII-HA  labeled  by  fluorescein  (green),  and  mutual  patches  containing  both  receptors  labeled  yellow  upon 
superposition  of  the  two  fluorescent  images.  Cells  transfected  with  T/3RI-Myc  alone  {panel  A,  inset)  are  labeled  exclusively  with  Cy3,  demonstrating 
the  labeling  specificity.  The  numbers  of  red,  green,  and  yellow  patches  were  counted  on  the  computer  screen  on  20  X  20  flat  cell  regions 
(avoiding  the  nucleus,  which  contains  more  nonspecific  staining  and  is  out  of  the  focal  plane)  for  several  independent  experiments.  Bars,  20  pm. 


number  of  yellow  patches  divided  by  the  sum  of  yellow  and  red 
(for  the  red-labeled  receptor  type)  or  yellow  and  green  (for 
green-labeled  receptors).  These  fractions  are  similar  for  TjSRI 
and  TjSRII  (23-29%  and  57-63%  in  the  absence  and  presence  of 
ligand,  respectively),  in  accord  with  a  1:1  stoichiometric  ratio  in 
the  heterocomplex. 

Ligand  binding  and  cross-linking  to  TjSRI  co-expressed  with 
TjSRII  is  abrogated  by  DTT  pretreatment  of  cells  (Ref.  20  and 
Fig.  LB,  middle  panel).  DTT  treatment,  however,  did  not  dis¬ 
sociate  the  ligand-independent  TpRPTjSRII  complexes  (around 
20%  co-patching),  and  did  not  affect  the  enhancement  of  het¬ 
erocomplex  formation  by  TGF-jSl  (around  50%  co-patching) 
(Fig.  2,  C  and  D).  The  fraction  of  each  receptor  type  in  yellow 
patches  also  remained  similar. 

DTT  Increases  the  Detergent  Sensitivity  of  the  Complex — In 
contrast  to  the  persistence  of  TjSRI-TpRII  heterocomplexes  in 
DTT-treated  live  cells  (Fig.  2,  C  and  D),  velocity  sedimentation 
experiments  showed  that  receptor  heterocomplexes  were  dis¬ 
rupted  by  DTT  (Fig.  IR).  We  suspected  that  this  disparity 
resulted  from  destabilizing  effects  of  the  detergent  used  to 
solubilize  the  receptors  for  velocity  sedimentation.  We  there¬ 
fore  examined  the  effect  of  various  detergents  on  Tj8RI*Tj3RII 
co-immunoprecipitation  from  DTT-pretreated  MvlLu  cells 
(Fig.  3).  Immunoprecipitation  with  an  antibody  against  TjSRI 
(Fig.  3,  right  panel)  was  used  to  assess  the  integrity  of  the 
receptor  complex  in  DTT-treated  cells,  because  TjSRII  residing 
in  heterocomplexes  would  still  be  labeled  by  ligand  and  would 
co-precipitate  with  TjSRI  even  if  the  latter  was  unlabeled.  Un¬ 
der  the  most  stringent  lysis  conditions  used  (buffers  1-3),  there 
was  no  co-immunoprecipitation,  indicating  the  absence  of  in¬ 


tact  heteromeric  complexes  after  detergent  solubilization. 
These  results  hold  in  different  cell  lines  and  with  antibodies 
raised  against  different  t5^e  I  receptor  epitopes  (not  shown). 
The  same  was  also  true  with  buffer  4,  which  was  used  for  the 
velocity  centrifugation  experiment  in  Fig.  IB.  With  a  fifth  lysis 
buffer,  however,  we  detected  a  small  amount  of  intact 
TjSRLTjSRII  complex  in  the  presence  of  DTT  (Fig.  3,  right  panel, 
buffer  5),  suggesting  that  buffer  and  detergent  conditions  de¬ 
termine  the  integrity  of  the  complex  in  DTT-treated  cells.  To¬ 
gether  with  the  demonstration  of  Tj3RI*Tj3RII  heterocomplex 
formation  in  live  cells  pretreated  with  DTT  (Fig.  2),  these 
results  suggest  that  DTT  treatment  alters  the  conformation  of 
the  heterocomplex  formed;  the  altered  complex  is  less  stable  (as 
reflected  in  its  increased  detergent  sensitivity)  and  most  likely 
has  a  different  conformation,  resulting  in  the  failure  of  ligand 
binding  and  cross-linking  to  TjSRI. 

DTT  Pretreatment  Prevents  TGF-p-induced  Activation  of  the 
Type  I  Receptor — In  epithelial  cells,  an  essential  step  in  TGF- 
jS-mediated  growth  inhibition  and  PAI-1  promoter  activation  is 
activation  of  the  ability  of  TjSRI  to  rapidly  phosphorylate 
Smad3  at  its  C-terminal  SSVS  motif  (28).  Because  DTT  treat¬ 
ment  did  not  block  the  ligand-mediated  association  of  TjSRI 
with  TjSRII,  we  examined  the  signaling  capability  of  these 
complexes  as  reflected  by  their  ability  to  phosphorylate  Smad3 
in  vitro.  MvlLu  cells  (untreated  or  pretreated  with  DTT)  were 
exposed  to  TGF-jSl  to  allow  heterocomplex  formation  and  acti¬ 
vation  of  TpRI.  In  one  study,  lysates  from  these  cells  were 
incubated  with  recombinant  GST-Smad3,  and  the  isolated  com¬ 
plex  was  subjected  to  an  in  vitro  kinase  reaction.  In  untreated 
cells  (Fig.  4A,  lanes  1  and  2),  TGF-jS  mediated  a  greater  than 
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Fig.  3.  Detergent  susceptibility  of  T/5RI  Tj8RII  receptor  complexes  in  DTT-treated  cells.  MVlLu  cells  pretreated  (+)  or  not  (-)  with  2 
HIM  DTT  were  subjected  to  binding  and  cross-linking  with  100  pM  Cells  were  then  lysed  in  various  lysis  buffers:  lane  i,  0.5%  Triton 

X-100, 0.5%  deoxycholic  acid,  10  mM  EDTA  in  PBS;  lane  2,  0.75%  Triton  X-100,  0.5%  deoxycholic  acid,  10  mM  EDTA  in  PBS;  lane  3, 1%  Triton  X-100, 
0.5%  deoxycholic  acid,  10  mM  EDTA  in  PBS;  lane  4,  2%  octyl-POE  in  MNT;  lane  5,  0.5%  Triton  X-100,  150  mM  NaCl,  1  mM  EDTA,  20  mM  Tris,  pH 
7.4.  One-tenth  of  each  lysate  was  analyzed  by  SDS-PAGE  without  further  treatment  (not  shown);  one-half  of  the  remainder  was  immunoprecipi- 
tated  with  anti-TjSRII  (a-IIC),  and  the  other  half  with  anti-Tj8RI  (VPN). 


20-fold  increase  in  SmadS  phosphorylation;  tw^o-dimensional 
tryptic  mapping  indicated  that  this  in  vitro  phophorylation 
occurred  at  the  same  site  as  in  vivo  (data  not  shown),  DTT- 
pretreated  cells,  however,  showed  no  ligand-induced  phospho¬ 
rylation  (Fig.  4A,  lanes  3  and  4).  Similar  results  (Fig.  4R)  were 
obtained  by  first  immunoprecipitating  lysates  with  antibodies 
against  TjSRI,  then  incubating  the  complexes  with  a  GST- 
Smad3  fusion  protein  in  an  in  vitro  kinase  reaction.  Although 
there  is  background  phosphorylation  of  the  GST-Smad3  con¬ 
struct  in  this  assay,  peptide  competition  during  the  immuno- 
precipitation  (Fig.  4B,  lanes  5-8)  eliminates  all  of  the  TGF-/3- 
inducible  phosphorylation,  indicating  that  TjSRI  is  responsible. 
Thus,  the  TjSRPTjSRII  complex  formed  after  DTT  treatment  is 
inactive  and  cannot  mediate  the  earliest  step  in  TGF-j8  down¬ 
stream  signaling  phosphorylation  of  Smad3. 

DISCUSSION 

Our  major  findings  are:  1)  TjSRI  and  TjSRII  form  a  stable, 
heteromeric  complex,  most  likely  a  heterotetramer;  2)  in  live 
cells,  the  two  receptors  have  an  intrinsic  affinity  for  each  other 
that  is  markedly  increased  by  TGF-jS  exposure;  and  3)  DTT 
does  not  prevent  the  formation  of  this  complex  but  increases  its 
detergent  sensitivity  and  blocks  TGF-jS-induced  activation  of 
the  type  I  receptor,  as  measured  by  its  ability  to  phosphorylate 
Smad3. 

We  previously  used  velocity  centrifugation  to  demonstrate 
that  T/3RI  and  TjSRII  each  form  homodimer-sized  complexes  in 
the  endoplasmic  reticulum  (22).  We  use  similar  technology  here 
to  show  that  ligand-bound  and  cross-linked  receptors  in  trans¬ 
fected  COS7  cells  and  in  L6  cells  expressing  native  receptors 
form  detergent-stable  complexes  whose  size  is  consistent  with 
heterotrimers  or  heterotetramers.  In  L6  cells  (Fig.  IR),  the 
migration  of  the  TjSRLTjSRII  complex  is  consistent  with  a  het¬ 
erotetramer  or  heterotrimer  bound  to  one  TGF-j3  molecule.  In 
COS7  cells,  the  complex  migrates  significantly  faster  than  a 
homodimeric  complex  (Fig.  lA,  top  panel)  (22);  the  wide  nature 
of  the  peak,  and  the  shoulder  at  higher  fractions,  may  be 
because  of  dissociation  of  larger  complexes  during  centrifuga¬ 
tion.  Furthermore,  co-patching  results  obtained  in  live  cells 
(Fig.  2)  are  most  consistent  with  a  heterotetramer,  the  frac¬ 
tions  of  TjSRI  and  TjSRII  in  mutual  patches  are  similar,  as 
expected  for  a  stoichiometric  ratio  of  1:1.  It  should  be  stressed, 
however,  that  a  definite  determination  of  the  stoichiometric 
ratio  depends  on  an  accurate  measurement  of  the  surface  levels 
of  both  receptors  on  the  cells  scored,  which  is  not  feasible  by  the 
current  methods. 

The  tetrameric  nature  of  the  complex  is  also  supported  by 


data  indicating  that  a  dimer  of  TjSRII  and  more  than  one  TjSRI 
reside  in  the  heterocomplex.  Evidence  that  there  are  two  TjSRII 
in  the  complex  comes  from  the  demonstration  by  velocity  cen¬ 
trifugation  that  treatment  of  cells  with  DTT  results  in  a  ho¬ 
modimer-sized  complex  of  TjSRII.  This  suggests  that  there  were 
two  t5pe  II  receptors  in  the  original,  heteromeric  complex; 
otherwise,  one  must  assume  that  the  normally  dimeric  TjSRII 
(21,  22)  is  monomeric  in  the  heterocomplex  and  reassociates  to 
form  dimers  after  DTT  treatment  and  detergent  solubilization. 
Type  I  receptors,  which  are  homodimers  when  expressed  alone 
and  remain  dimeric  after  DTT  treatment,  (22)  are  likely  to  be 
multimeric  in  the  active  complex,  as  indicated  by  experiments 
demonstrating  the  existence  of  functionally  complementary 
TjSRI  mutants  (23).  Taken  together,  the  sedimentation  velocity, 
co-patching,  and  functional  complementation  studies  imply 
that  the  signaling  TGF-jS  receptor  complex  contains  two  TjSRI 
and  two  TjSRII  pol3peptides. 

We  provide  the  first  evidence  in  live  cells  that  the  formation 
of  the  TjSRI-TjSRII  complex  is  TGF-jS-dependent  (Fig.  2,  A  and 
B).  Previous  studies  have  demonstrated  the  TGF-jS  dependence 
of  the  TjSRFTjSRII  heterocomplex  but  used  receptors  in  deter¬ 
gent  lysates,  leaving  open  the  possibility  that  TGF-jS  stabilized 
the  complex  in  detergent  but  did  not  induce  its  formation  (8,  9, 
11).  Co-patching  studies  examining  heterocomplex  formation 
in  the  intact  plasma  membrane  show  a  marked  increase  in 
mutual  aggregates  in  the  presence  of  TGF-jS  1.  There  is,  how¬ 
ever,  an  intrinsic  affinity  between  the  two  receptors,  as  dem¬ 
onstrated  by  the  15—20%  that  reside  in  mutual  aggregates  in 
the  absence  of  TGF-jS  (Fig.  2A).  Although  these  experiments 
used  cells  overexpressing  the  transfected  receptors,  as  required 
for  visualization  by  immunofluorescence,  there  are  several  in¬ 
dications  that  the  heterocomplexes  observed  are  not  the  result 
of  high  expression  levels.  The  co-patching  experiments  exam¬ 
ine  single  cells  under  the  microscope,  and  the  use  of  double 
labeling  by  IgG  or  biotin/streptavidin  enhancement  enabled  us 
to  analyze  cells  expressing  as  few  as  15,000  surface  receptors 
(evaluated  by  photomultiplier-based  measurement  of  the  fluo¬ 
rescence  intensity  on  cells  expressing  known  receptor  levels,  as 
described  by  Henis  et  al.  (21)).  These  cells,  with  receptor  levels 
higher  but  of  the  same  order  of  magnitude  as  untransfected 
cells,  yielded  the  same  co-patching  results  as  cells  expressing 
receptor  levels  10-fold  higher.  In  addition,  in  all  cases  where 
the  level  and  percentage  of  higher  complexes  formed  were  high 
enough  to  allow  detection  by  ultracentrifugation  in  untrans¬ 
fected  cells  expressing  the  receptors  (including  ligand-labeled 
Tj3RI‘Tj8RII  heterocomplexes  in  the  current  work,  and  TjSRI  or 
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Fig.  4.  DTT  pretreatment  blocks  TGF-j3-mediated  Smad3  phosphorylation.  A,  MvlLu  cells  were  treated  with  {lanes  3  and  4)  or  without 
{lanes  1  and  2)  2  him  DTT  (5  min,  37  °C).  After  extensive  washing,  they  were  incubated  with  {lanes  2  and  4)  or  without  {lanes  1  and  3)  100  pM 
TGF-/31  (10  min,  37  °C).  Cells  were  rapidly  chilled  and  lysed.  Cleared  lysates  were  incubated  with  a  GST-Smad3  fusion  protein  for  3  h.  After 
retrieval  of  the  fusion  protein  by  glutathione  beads,  it  was  subjected  to  an  in  vitro  kinase  reaction  then  analyzed  by  SDS-PAGE.  Control  cells  were 
allowed  to  bind  ^^^I-TGF-jSl  under  the  same  conditions  and  were  then  cross-linked,  lysed,  and  analyzed  by  SDS-PAGE;  there  was  no  binding  of 
ligand  to  T/3RI  in  DTT-pretreated  cells,  confirming  that  the  10-min  incubation  period  at  37  °C  was  not  sufficient  for  arrival  of  significant  amounts 
of  non-DTT-exposed  TjSRI  at  the  cell  surface  (data  not  shown).  J5,  MvlLu-Flag-N-Smad3  cells  were  treated  as  above,  except  lysates  were 
immunoprecipitated  with  an  anti-type  I  antibody  (6)  with  {lanes  5-8)  or  without  {lanes  1-4)  3  [xg  of  competing  peptide  before  incubation  with  the 
GST-Smad3  fosion  protein. 


TjSRII  homodimers  in  earlier  studies)  (22),  a  good  agreement 
was  obtained  between  the  results  on  these  cells  and  on  tran¬ 
siently  expressing  COS  cells.  Furthermore,  the  results  ob¬ 
tained  in  co-patching  experiments  depended  on  the  receptor 
types  examined,  with  low  co-patching  for  t3rpe  Il/type  III  TGF-J3 
receptor  heterodimers  versus  high  co-patching  levels  for  T/3RI 
and  TjSRII  homodimers  (21,  22).  This  emphasizes  the  specific¬ 
ity  of  the  interactions  measured.  We  note,  however,  that  COS 
cells  overexpressing  TjSRI  and  TjSRII  exhibit  some  ligand-inde¬ 
pendent  receptor  phosphorylation  (18),  raising  the  possibility 
that  the  number  of  TjSRTTjSRII  complexes  is  larger  in  this 
system  than  in  cells  expressing  the  receptors  endogenously. 

The  ligand-independent  association  of  a  fraction  of  TjSRI  and 
T/3RII  is  consistent  with  our  previous  finding  that  TGF-j32, 
unlike  TGF-jSl,  binds  to  a  preformed  complex  of  TjSRI  and 
TjSRII  (19).  Such  preformed  complexes  do  not  appear  to  medi¬ 
ate  TGF-jS-independent  signal  transduction,^  raising  the  ques¬ 
tion  whether  the  role  of  ligand  is  to  increase  the  number  of 
complexes  or  to  effect  a  necessary  and  stabilizing  conforma¬ 
tional  change.  A  recent  model  of  the  TjSRI  ectodomain  (based  on 
certain  cysteine  motifs  shared  with  protectin  (CDS 9))  proposes 
that  its  surface  has  two  distinct  binding  sites,  one  each  for 
ligand  and  TjSRII  (32).  This  model  is  in  agreement  with  the 
finding  shown  in  Fig.  2  that  there  is  an  intrinsic  affinity  be¬ 
tween  TjSRI  and  TjSRII,  which  is  increased  by  TGF-jS. 

To  further  investigate  the  relationship  between  TGF-j8-me- 
diated  heterocomplex  formation  and  signaling,  we  studied  the 
effects  of  DTT  treatment  on  complex  stability  and  its  ability  to 
phosphorylate  SmadS  in  vitro.  Pretreatment  with  DTT  pre¬ 
vents  TGF-jS  binding  and  cross-linking  to  the  type  I  receptor  (8, 
20).  We  demonstrate  that  it  also  increases  the  detergent  sus¬ 
ceptibility  of  the  complex  (Figs.  IB  and  3),  and  blocks  TGF-jS- 
induced  activation  of  the  ability  of  TjSRI  to  phosphorylate 
Smad3  in  vitro  (Fig.  4)  but  does  not  change  the  percentage  of 
TjSRI  and  TjSRII  in  mutual  complexes  with  or  without  TGF-jS  1 
(Fig.  2).  The  observation  that  multiple  cross-linkers,  including 
difluorodinitrobenzene  (with  a  spacer  length  of  3A)  can  cross¬ 
link  TGF-jS  to  TjSRI  suggests  that  cross-linking  results  reflect 


^  R.  G.  Wells  and  H.  F.  Lodish,  unpublished  results. 


direct  binding  of  ligand  to  TjSRI  rather  than  their  fortuitous 
proximity  within  a  complex.^  Our  DTT  data  therefore  suggest 
that  either  a  specific  TjSRI-TjSRII  complex  conformation,  de¬ 
stroyed  by  DTT,  or  direct  ligand  binding  to  TjSRI  are  required 
for  signal  transduction.  It  is  unclear  whether  ligand  binding  to 
TjSRI  stabilizes  the  complex  with  TjSRII  or  serves  a  different 
function  altogether. 

Our  data  agree  only  in  part  with  a  previously  published 
report  that  DTT  pretreatment  does  not  affect  type  I  receptor 
phosphorylation  and  does  not  measurably  alter  the  amount  of 
ligand-bound  and  cross-linked  TjSRI-TjSRII  complex  in  deter¬ 
gent  lysates  (33).  Although  we  found  that  TGF-jS  1  can  mediate 
heterocomplex  formation  after  DTT  treatment,  especially  in 
intact  cells  (Fig.  2),  we  have  been  able  to  demonstrate  at  most 
a  small  percentage  of  TjSRI-TjSRII  complex  using  the  same 
detergent  lysis  conditions  as  these  investigators  (see  Fig.  3, 
lysis  buffer  5),  in  accord  with  a  second  report  (6).  In  some  of  the 
experiments  by  Vivien  and  Wrana  (33),  the  antibody  used  was 
against  a  C-terminal  epitope  of  TjSRI  that  has  significant  se¬ 
quence  identity  to  other  type  I  receptors  (34);  however,  anti¬ 
body  cross-reactivity  could  not  explain  all  the  differences  be¬ 
tween  their  results  and  ours. 

These  results  raise  interesting  questions  about  the  stoichi¬ 
ometry  of  TGF-j8  receptors  in  the  signaling  complex.  Although 
our  data  are  most  consistent  with  a  heterotetrameric 
(Tj8RI)2(TjSRII)2  receptor  complex,  and  we  have  obtained  sim¬ 
ilar  results  with  several  cell  lines,  there  are  suggestions  in  the 
literature  that  the  stoichiometry  of  the  complex  may  vary.  For 
example,  the  ratio  of  TjSRI  to  TjSRII  in  microvascular  endothe¬ 
lial  cells  was  significantly  higher  in  three-dimensional  versus 
two-dimensional  cultures,  corresponding  to  increasing  resist¬ 
ance  to  the  anti-proliferative  but  not  the  matrix-inducing  ef¬ 
fects  of  TGF-jS  (35).  In  other  cell  types,  including  bone,  the  ratio 
of  type  I  to  type  II  receptors  may  also  be  important,  particularly 
in  differentiating  growth  inhibition  from  other  effects  of  TGF-jS 
(36-38).  The  migration  over  sucrose  gradients  of  the 
TjSRTTjSRII  complex  from  nonepithelial  cell  systems  remains 
to  be  determined. 

The  number  of  ligand  molecules  in  the  complex  is  not  known. 
The  most  likely  possibilities  are  one  TGF-jS  homodimer,  each 
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subunit  bound  to  a  type  I  and  a  type  II  receptor,  or  two  ligand 
homodimers,  each  subunit  bound  to  one  of  the  four  receptors  in 
a  presumed  heterotetramer.  The  sucrose  gradient  data  pre¬ 
sented  here  show  a  surprisingly  small  increase  in  complex  size 
when  T/3RI  is  added  to  TGF-j8-bound  T/3RII,  suggesting  that 
the  addition  of  Tj8RI  to  TjSRII  is  not  accompanied  by  the  re¬ 
cruitment  of  additional  ligand  molecules. 
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gp55-P  viral  envelope  protein  is  determined  by  a 
single  amino  acid  in  its  transmembrane  domain 
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The  spleen  focus  forming  virus  (SFFV)  gp55-P  envelope 
glycoprotein  specifically  binds  to  and  activates  murine 
erythropoietin  receptors  (EpoRs)  coexpressed  in  the 
same  cell,  triggering  proliferation  of  erythroid  pro¬ 
genitors  and  inducing  erythroleukemia.  Here  we 
demonstrate  specific  interactions  between  the  single 
transmembrane  domains  of  the  two  proteins  that  are 
essential  for  receptor  activation.  The  human  EpoR  is 
not  activated  by  gp55-P  but  by  mutation  of  a  single 
amino  acid,  L238,  in  its  transmembrane  sequence  to 
its  murine  counterpart  serine,  resulting  in  its  ability 
to  be  activated.  The  converse  mutation  in  the  murine 
EpoR  (S238L)  abolishes  activation  by  gp55-P.  Compu¬ 
tational  searches  of  interactions  between  the 
membrane-spanning  segments  of  murine  EpoR  and 
gp55-P  provide  a  possible  explanation:  the  face  of 
the  EpoR  transmembrane  domain  containing  S238  is 
predicted  to  interact  specifically  with  gp55-P  but  not 
gp55-A,  a  variant  which  is  much  less  effective  in 
activating  the  murine  EpoR.  Mutational  studies  on 
gp55-P  M390,  which  is  predicted  to  interact  with  S238, 
provide  additional  support  for  this  model.  Mutation  of 
M390  to  isoleucine,  the  corresponding  residue  in 
gp55-A,  abolishes  activation,  but  the  gp55-P  M390L 
mutation  is  fully  functional.  gp55-P  is  thought  to 
activate  signaling  by  the  EpoR  by  inducing  receptor 
oligomerization  through  interactions  involving  specific 
transmembrane  residues. 

Keywords:  Epo  receptor  signaling/red  cell  formation/ 
SFFV-gp55  env  proteins/transmembrane  coiled-coil 
interactions 


Introduction 

Activation  of  the  erythropoietin  receptor  (EpoR) 
(D’ Andrea  et  al.,  1989)  by  erythropoietin  (Epo)  is  required 


for  survival,  proliferation  and  maturation  of  erythroid 
progenitors  into  mature  red  cells  (Wu  et  al,  1995).  The 
EpoR  is  activated  by  Epo-induced  dimerization  (Figure  1) 
(Watowich  et  al,  1996;  Syed  et  al,  1998),  reminiscent  of 
the  activation  of  the  growth  hormone  receptor  by  growth 
hormone  (De  Vos  et  aL,  1992).  Bivalent  monoclonal 
antibodies  directed  to  the  extracellular  domain  of  the 
EpoR  and  small  non-covalently  dimerized  peptides  also 
dimerize  the  EpoR  and  induce  proliferation  of  Epo- 
dependent  cell  lines  and  formation  of  burst  forming  unit 
erythroid  (BFU-E)  colonies  (Elliott  et  aL,  1996;  Livnah 
et  aL,  1996;  Wrighton  et  aL,  1996).  A  point  mutation, 
R129C,  in  the  extracellular  domain  of  the  EpoR  renders 
the  receptor  constitutively  active  (Yoshimura  et  aL,  1990b) 
due  to  formation  of  an  intermolecular  disulfide  bond 
between  membrane-proximal  segments  (Figure  1) 
(Watowich  et  aL,  1994).  While  activation  of  the  EpoR  by 
high  levels  of  Epo  (i.e.  Epo  transgenic  animals)  (Semenza 
et  aL,  1990)  results  in  erythrocytosis,  it  does  not  induce 
emergence  of  leukemic  cells.  Expression  of  the  constitu¬ 
tively  active  EpoR  (R129C)  in  early  blood  progenitors 
results  in  Epo-independent  red  cell  formation  and  leukem¬ 
ias  of  different  lineages  (Longmore  and  Lodish,  1991; 
Longmore  et  aL,  1992,  1993).  This  suggests  that  constitu¬ 
tive  activation  of  the  EpoR  leads  to  cell  transformation. 

The  EpoR  belongs  to  the  type  I  superfamily  of  cytokine 
receptors.  Upon  dimerization  it  activates  a  number  of 
intracellular  signal  transduction  pathways  which  include 
JAK2,  STAT5,  protein  tyrosine  phosphatases  SHP-1  and  -2, 
PI-3'  kinase,  MAP-kinase  and  protein  kinase  C  (Ihle  et  aL, 
1995;  Watowich  et  aL,  1996).  The  particular  signals 
required  for  proliferation,  survival  and  erythroid  differenti¬ 
ation  functions  are  not  understood  as  all  of  these  pathways 
are  activated  by  many  cytokine  receptors  (Socolovsky 
et  aL,  1997)  and  growth  factor  receptor  tyrosine  kinases. 

Both  the  polycythemic  (P)  and  anemic  (A)  strains  of 
the  spleen  focus  forming  virus  (SFFV)  induce  erythro¬ 
leukemia  in  adult  mice  (Friend,  1957;  Mirand  et  aL, 
1968;  MacDonald  et  aL,  1980).  SFFV-P  also  induces 
polycythemia  (increased  numbers  of  red  cells),  a  condition 
reminiscent  of  human  Polycythemia  vera,  while  SFFV- A 
does  not  (Tambourin  et  aL,  1979).  The  only  SFFV  genes 
required  for  oncogenesis  and  red  cell  formation  are  those 
encoding  the  envelope  proteins  gp55-P  and  -A  (Linemeyer 
etaL,  1982;  Wolff  and  Ruscetti,  1985).  gp55-P  specifically 
binds  to  and  activates  murine  erythropoietin  receptors 
(EpoRs)  (Li  et  aL,  1990),  triggering  abnormal  proliferation 
of  erythroid  progenitors,  most  of  which  undergo  normal 
erythroid  differentiation.  This  initial  stage  of  Friend 
disease,  Epo-independent  polyclonal  erythroblastosis 
(Mirand  etaL,  1968;  Wolff  and  Ruscetti,  1985),  is  followed 
by  the  emergence  of  malignant  clones  of  abnormally 
proliferating  erythroid  progenitors  due  to  subsequent  Spi-1 
overexpression  and  mutations  in  genes  such  as  p53 
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EpoR  activation  through  the  transmembrane  domain 


gp55-P 


Red  cell  formation  Red  cell  formation  Red  cell  formation 

Leukemias  of  multiple  lineages  Erythroleukemia 

Fig.  1.  Mechanisms  of  activation  of  the  EpoR.  The  natural  ligand,  Epo,  dimerizes  the  receptor  and  induces  red  cell  formation.  The  receptor  can  be 
covalently  dimerized  and  constitutively  activated  by  the  R129C  point  mutation  in  the  extracellular  domain  (Yoshimura  et  al,  1990b),  which  results 
in  Epo-independent  formation  of  red  cells  and  in  leukemias  of  multiple  lineages.  Coexpression  in  the  same  cell  of  the  gp55-P  viral  envelope  protein 
activates  the  EpoR  (Li  et  al,  1990)  and  is  oncogenic  only  for  the  erythroid  lineage  since  it  requires  expression  of  the  EpoR.  Cell-surface  gp55-P  is  a 
dimer  (Gliniak  et  al,  1991);  the  present  work  demonstrates  specific  binding  to  the  EpoR,  mediated  by  the  membrane-spanning  domains,  which 
induces  EpoR  oligomerization  and  Epo-independent  activation. 


(Moreau-Gachelin  et  al,  1990).  Intracellular  signals 
induced  by  constitutively  active  forms  of  EpoR  cooperate 
with  the  Spi-1  transcription  factor  to  inhibit  erythroid 
differentiation  and  promote  transformation  to  erythroleu¬ 
kemia  (Quang  et  al,  1997). 

Only  gp55-P  and  not  gp55-A  can  activate  the  murine 
EpoR  to  support  proliferation  of  cell  lines  and  to  induce 
Epo-independent  red  cell  formation  from  early  erythroid 
progenitors.  The  human  EpoR  binds  to  but  is  not  activated 
by  gp55-P  and  cannot  support  Epo-independent  prolifera¬ 
tion  of  cell  lines  (Showers  et  al,  1993;  Hoatlin  and 
Rabat,  1995). 

We  showed  previously  that  gp55-A  can  activate  the 
EpoR,  albeit  quantitatively  or  qualitatively  weaker  than 
gp55-P  (Constantinescu  et  al,  1998).  Expression  of  gp55-P 
in  day  12.5  fetal  liver  erythroid  progenitors  resulted  in 
Epo-independent  formation  of  erythroid  colonies  from 
both  BFU-Es  and  CFU-Es,  while  expression  of  gp55-A 
promoted  only  CFU-Es  but  not  BFU-Es  to  proliferate  and 
differentiate  into  erythroid  colonies  (Constantinescu  et  al, 
1998).  The  effect  of  both  gp55-P  and  -A  was  mediated 
through  the  EpoR,  since  EpoR"^'  fetal  liver  progenitors 
were  not  stimulated  by  expression  of  gp55  proteins,  but 
did  form  erythroid  colonies  when  the  EpoR  was  expressed 
via  retroviral  transfection  (Wu  etal,  1995;  Constantinescu 
et  al,  1998).  These  data  suggest  that  activation  of  the  EpoR 
by  gp55-A  is  different  from  that  by  gp55-P.  Biochemical 
experiments  have  established  that  gp55  proteins  do  interact 
with  the  EpoR  (Li  et  al,  1990;  Zon  et  al,  1992).  While 
^^^I-labeled  Epo  can  become  crosslinked  to  the  EpoR  and 
to  gp55-P  (Ferro  et  al,  1993),  it  cannot  be  crosslinked  to 
gp55-A,  suggesting  that  gp55-A  and  -P  interact  differently 
with  the  EpoR  (Tarr  et  al,  1997). 

gp55  proteins  are  recombinants  between  envelope  pro¬ 


teins  of  xenotropic  and  ecotropic  retroviruses  (Amanuma 
et  al,  1983);  an  important  feature  is  the  absence  of  any 
cytosolic  domain  (Amanuma  et  al,  1989),  with  the  C- 
terminus  coinciding  with  the  end  of  the  transmembrane 
domain  (reviewed  in  Rabat,  1989).  The  differences 
between  the  biological  activities  of  gp55-P  and  gp55-A 
are  due  to  nine  sequence  differences  between  gp55-P  and 
gp55-A  in  the  C-terminal  region,  including  five  amino 
acid  differences  and  the  addition  of  two  leucine  residues 
in  gp55-P  within  the  transmembrane  domain  (Chung 
et  al,  1989).  Thus,  differences  between  the  transmembrane 
domains  of  gp55-P  and  -A  were  suggested  to  be  the  cause 
of  their  different  biological  activities  (Amanuma  et  al, 
1989;  Chung  et  al,  1989).  While  gp55-P  is  well  expressed 
at  the  cell-surface,  gp55-A  is  not  (Ruscetti  et  al,  1981; 
Amanuma  et  al,  1989).  The  two  additional  leucine 
residues  in  the  transmembrane  domain  of  gp55-P  were 
suggested  to  be  the  sequence  responsible  for  its  efficient 
cell  surface  expression  (Amanuma  et  al,  1989),  but  this 
di-leucine  motif  has  not  been  examined  in  the  absence  of 
the  other  amino  acid  sequence  differences  between  gp55-P 
and  gp55-A  or  in  the  absence  of  other  mutations.  Differ¬ 
ences  in  cell-surface  expression  can  be  important  since 
only  gp55  proteins  that  are  expressed  at  the  cell  surface 
are  able  to  stimulate  the  EpoR  for  mitogenesis  (Ferro 
et  al,  1993;  Li  et  al,  1995).  On  the  other  hand,  gp55 
mutants  that  had  deletions  in  transmembrane  residues  but 
that  were  expressed  well  on  the  cell  surface  have  been 
isolated  recently  (Watanabe  et  al,  1995).  A  possible 
interaction  between  transmembrane  domains  of  gp55-P 
and  EpoR  is  further  suggested  by  data  showing  that 
chimeric  Epo  receptors  in  which  the  membrane-spanning 
domain  was  replaced  by  that  of  the  IL-3  receptor  were 
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not  activated  by  gp55-P  but  responded  normally  to  Epo 
(Zon  et  aL,  1992). 

We  hypothesized  that  the  sequence  of  the  transmem¬ 
brane  domain  of  gp55  proteins  critically  influences  their 
biological  activity  (polycythemia  versus  anemia)  by  inter¬ 
acting  differently  with  the  transmembrane  domain  of 
the  EpoR.  Such  distinct  interactions  may  translate  into 
different  receptor  activation  mechanisms.  Also,  we  hypo¬ 
thesized  that  the  human  EpoR  is  not  activated  by  gp55-P 
because  of  distinct  sequences  in  its  transmembrane  domain. 
Here  we  show  that  the  human  EpoR  can  indeed  become 
activated  by  gp55-P  if  one  transmembrane  residue 
(Leu238)  is  mutated  to  serine  (as  in  the  mouse  counterpart) 
and,  conversely,  the  mouse  EpoR  can  no  longer  be 
activated  by  gp55-P  if  Ser238  is  mutated  to  Leu  (as 
in  the  human  counterpart).  Using  molecular  dynamics 
simulations  coupled  to  mutagenesis,  we  propose  a  model 
in  which  one  face  of  the  gp55-P  transmembrane  domain 
interacts  with  the  EpoR  transmembrane  domain,  exposing 
Ser238  in  the  interface.  At  one  position  of  gp55,  a 
methionine  (in  gp55-P)  or  leucine,  but  not  an  isoleucine  (in 
gp55-A),  supports  EpoR  activation,  and  our  calculations 
predict  that  this  methionine  or  leucine  interacts  specifically 
with  Ser238  of  the  EpoR.  Because  gp55-P  proteins  are 
disulfide-linked  dimers  on  the  cell  surface  (Gliniak  et  al, 
1991),  by  interacting  with  one  gp55-P  dimer,  two  EpoRs 
can  be  brought  in  sufficient  proximity  to  activate  signaling. 


Results 

Mutations  in  the  transmembrane  domains  of  the 
murine  and  human  EpoRs  do  not  modify  the 
receptor's  abiiity  to  transduce  signais  when 
activated  by  Epo 

The  human  EpoR  binds  to  but  is  not  activated  by  gp55-P 
(Zon  etaL,  1992;  Hoatlin  etaL,  1995).  Overall,  the  human 
and  murine  EpoRs  are  82%  identical  in  sequence  (Jones 
et  aL,  1990)  and  differ  in  only  three  of  the  21  amino  acids 
in  the  membrane-spanning  segment.  We  generated  all 
possible  human— >mouse  and  mouse^human  EpoR 
mutations  in  this  region.  To  test  the  biological  activity  of 
these  mutants  we  utilized  a  bicistronic  retroviral  vector 
containing  the  encephalomyocarditis  virus  internal  ribo¬ 
some  entry  site  (IRES),  in  which  the  mutant  EpoR  and 
green  fluorescent  protein  (GFP)  are  translated  from  the 
same  mRNA  (Figure  2A)  (Liu  et  al,  1997).  Vectors 
expressing  the  different  EpoRs  were  transiently  transfected 
into  BOSC  23  packaging  cells,  and  the  released  retro¬ 
viruses  used  to  infect  IL- 3 -dependent  Ba/F3  cells.  The 
population  of  cells  selected  for  growth  in  Epo  expressed 
high  levels  of  GFP  (Figure  2B)  and  high  constant  levels 
of  EpoR  protein  (Figure  2C).  Expression  of  all  wild-type 
or  mutant  EpoRs  tested  supported  normal  growth  in 
response  to  Epo  addition  (Figure  3 A  and  B);  typical 
examples  are  shown  in  Figure  3C.  In  other  experiments, 
infected  cells  growing  in  IL-3  were  selected  for  the  top 
0.1%  GFP  fluorescence;  all  of  these  cells  could  grow  in 
Epo  and  exhibited  levels  of  the  appropriate  mutant  EpoR 
and  GFP,  similar  to  those  in  the  cell  populations  depicted 
in  Figure  2B.  All  of  the  resultant  pools  of  cells  expressed 
the  same  numbers  of  EpoRs  with  the  same  affinity  for 
Epo,  as  assayed  by  [^^^I]Epo  binding  and  Scatchard 


analysis  (data  not  shown).  Thus,  none  of  the  mutations 
affected  receptor  biogenesis  or  activation  by  Epo. 

A  leucine  to  serine  point  mutation  in  the 
transmembrane  sequence  renders  the  human 
EpoR  sensitive  to  activation  by  gp55-P 

Cell  populations  expressing  wild-type  or  mutant  EpoRs 
were  then  assayed  for  the  ability  to  support  gp55-P- 
dependent  proliferation  in  the  absence  of  Epo;  to  this  end, 
cells  were  infected  with  retroviruses  encoding  gp55-P 
(Constantinescu  et  al.,  1998).  Cells  expressing  gp55-P 
and  the  wild- type  human  EpoR  or  mutants  V236L  and 
V239L  were  unable  to  proliferate  in  the  absence  of  Epo. 
Importantly,  cells  expressing  gp55-P  and  the  human  EpoR 
mutant  L238S  were  able  to  grow  in  the  absence  of  Epo; 
they  did  so  at  a  rate  similar  to  cells  expressing  gp55-P 
and  the  wild-type  murine  EpoR  (Figure  3B  and  D). 

A  serine  to  leucine  point  mutation  in  the 
transmembrane  sequence  renders  the  murine 
EpoR  resistant  to  activation  by  gp55-P 

With  one  exception,  cells  expressing  all  of  the  mutant 
murine  EpoRs  tested  (Figure  3A)  were  able  to  grow  in 
the  absence  of  Epo  when  gp55-P  was  coexpressed.  The 
exception  was  mutant  murine  EpoR  S238L,  which  did  not 
support  activation  by  gp55-P.  Thus,  Ser238  is  crucial  for 
the  functional  interaction  between  the  EpoR  and  gp55-P 
A  hydroxyl  group  at  position  238,  however,  is  not  essential: 
cells  coexpressing  gp55-P  and  mutant  murine  EpoR  S238A 
do  grow  in  the  absence  of  Epo.  The  fact  that  a  methyl 
side  chain  at  position  238  suffices  for  activation  by  gp55 
suggests  that  putative  EpoR-gp55  interactions  at  this 
position  involve  stereochemical  van  der  Waals  packing 
and  not  the  presence  of  a  hydroxyl  group  on  the  EpoR. 
This  is  not  surprising,  since  serine  hydroxyl  groups  tend  to 
hydrogen  bond  back  to  the  i-4  carbonyl  in  transmembrane 
helices,  resulting  in  a  van  der  Waals  surface  similar  to 
that  of  alanine.  Mutation  of  the  other  hydroxyl-containing 
amino  acids  in  the  transmembrane  domain  of  the  murine 
EpoR  (Thr229,  Ser231  or  Thr242)  to  alanine,  or  mutation 
of  either  threonine  residue  to  valine  did  not  affect  activation 
of  the  EpoR  by  Epo  or  gp55-P  (Figure  3A). 

Only  the  mouse  EpoR  and  the  human  EpoR  L238S 
mutant  are  activated  by  gp55-P  to  support 
formation  of  erythroid  colonies  from  CFU-Es  in 
day  12.5  EpoR^^^  fetal  liver  cells 

In  order  to  assess  activation  of  the  EpoR  by  gp55-P  in 
primary  erythroid  progenitors,  we  used  fetal  liver  cells 
derived  from  EpoR“^"  embryos.  These  animals  die  at  day 
12.5  due  to  severe  anemia  but  do  contain  erythroid 
progenitors  that  can  be  rescued  by  expression  of  the  EpoR 
(Wu  et  aL,  1995).  EpoR“^"  progenitors  allow  us  to  assess 
the  capacity  of  mutant  EpoRs  to  respond  to  either  Epo  or 
gp55-P  expression  in  the  absence  of  endogenous  wild- 
type  EpoR.  To  this  end  we  generated  bicistronic  retroviral 
vectors  in  which  cDNAs  encoding  mutant  EpoRs  and 
gp55-P  were  coexpressed  from  the  same  mRNA  (Figure 
4A).  BOSC  23  cells  transfected  with  similar  bicistronic 
vectors  showed  similar  levels  of  expression  of  both  pro¬ 
teins  (Liu  et  al,  1997;  Constantinescu  et  ai,  1998;  data 
not  shown).  Viral  titers  were  measured  by  incubating 
5-fold  dilutions  of  the  packaged  viruses  with  NIH  3T3 
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Fig.  2.  Expression  of  EpoR  mutants  in  Ba/F3  cells.  (A)  Schematic  showing  the  bicistronic  pMX-EpoR-IRES-GFP  vectors  encoding  mutant  EpoRs 
and  GFP.  (B)  Ba/F3  cells  growing  in  IL3  containing  medium  were  infected  with  bicistronic  retroviruses  encoding  the  wild-type  human  EpoR 
(HuEpoR)  or  the  indicated  mutants.  The  efficiency  of  infection  averaged  9-15%,  as  judged  by  the  fraction  of  cells  positive  for  GFR  Cells  were 
washed  and  cultured  in  0.5-1  U/ml  Epo;  >95%  of  cells  growing  for  2-3  days  in  Epo  were  positive  for  GFR  Similar  results  were  obtained  when 
cells  were  first  grown  in  IL-3  and  then  sorted  for  the  top  0.1%  GFP  fluorescence;  these  cells  could  grow  in  Epo  and  exhibited  levels  of  the 
appropriate  mutant  EpoR  and  GFP  similar  to  those  depicted  in  this  panel.  (C)  Western  blot  analysis  using  antibodies  directed  against  the  human 
EpoR,  showing  that  pools  of  Ba/F3  cells  expressing  various  mutant  human  EpoRs  and  selected  for  growth  in  Epo  (B)  contain  similar  numbers  of 
Epo  receptors. 


cells  and  then  analyzing  for  the  expression  of  the  gp55 
protein  by  Western  blotting.  This  assay  is  appropriate 
since  all  viruses  contain  the  same  IRES-gp55  sequence. 
As  shown  in  Figure  4D,  the  titers  of  the  MuEpoR- 
IRES-gp55-P  and  MuEpoR  S238L-IRES-gp55-P  viruses, 
encoding  murine  EpoRs,  were  the  same,  but  were  4-  to 
5-fold  higher  than  the  titers  of  the  two  viruses  encoding 
the  HuEpoR,  HuEpoR-IRES-gp55-P  and  HuEpoR  L238S- 
IRES-gp55-R  This  may  be  due  to  differences  between  the 
5'  untranslated  sequences  upstream  of  the  murine  and 
human  EpoR  cDNAs. 

Day  12.5  EpoR"''"  fetal  liver  cells  were  infected  by 
packaged  retroviruses  and  subsequently  plated  in  methyl- 
cellulose  in  the  presence  or  absence  of  3  U/ml  Epo.  Cells 
expressing  gp55-P  and  either  wild-type  murine  EpoR  or 
MuEpoR  S238L  formed  the  same  number  of  erythroid 
CFU-E  colonies  in  the  presence  of  Epo  (Figure  4B, 
columns  2  and  4),  confirming  that  the  S238L  mutation 
did  not  affect  surface  expression  of  the  receptor  or  its 
ability  to  respond  to  Epo  stimulation.  When  plated  in  the 


absence  of  Epo,  cells  expressing  the  wild-type  murine 
EpoR  and  gp55-P  formed  5-  to  6-fold  more  CFU-E 
colonies  (Figure  4B,  column  1)  than  cells  infected  with 
MuEpoR-IRES-GFP  virus  (Figure  4B,  column  5)  or  with 
the  control  GFP  virus,  confirming  the  ability  of  gp55-P 
to  activate  the  wild-type  murine  EpoR.  Among  the 
explanations  for  the  observed  lower  numbers  of  CFU-E 
colonies  induced  by  gp55-P  versus  Epo  is  that  the  gp55-P 
cDNA  was  cloned  downstream  of  the  IRES  while  the 
EpoR  cDNA  was  cloned  upstream  of  the  IRES.  Often, 
the  level  of  expression  of  genes  cloned  downstream  of 
the  IRES  is  lower  than  those  cloned  upstream.  Further¬ 
more,  the  inherent  intracellular  signal  induced  by  gp55-P 
is  probably  weaker  than  that  induced  by  Epo,  as  also 
reflected  by  the  smaller  size  of  the  colonies  induced  by 
gp55-P  versus  Epo  (Constantinescu  et  al,  1998). 

Importantly,  only  background  levels  of  CFU-E  colonies 
were  formed  by  cells  coexpressing  gp55-P  and  the  mutant 
EpoR  S238L  in  the  absence  of  Epo  (Figure  4B,  compare 
columns  3  and  1).  The  difference  between  the  ability  of 
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Fig.  3.  Activation  by  Epo  and  by  gp55-P  of  EpoR  mutants  in  Ba/F3  cells.  Mutations  introduced  in  the  murine  (A)  and  human  (B)  EpoR 
transmembrane  domains  and  the  effect  of  these  mutations  on  the  ability  of  receptors  to  support  proliferation  in  the  presence  of  Epo  or  upon 
coexpression  of  gp55-P  and  culture  in  the  absence  of  Epo.  Because,  compared  with  the  murine,  the  human  EpoR  receptor  has  one  extra  amino  acid 
in  its  extracellular  domain,  the  numbering  of  HuEpoR  residues  was  adjusted  to  that  of  the  murine  for  easy  comparison.  (C)  Indistinguishable  Epo 
sensitivity  for  proliferation  of  Ba/F3  cells  expressing  the  wild-type  human  EpoR  (HuEpoR),  HuEpoR  mutant  L238S,  and  murine  EpoR  (MuEpoR). 
Ba/F3  cells  growing  in  1%  WEHI  (as  a  source  of  IL3)  were  infected  with  IRES-GFP  bicistronic  viruses  encoding  HuEpoR,  HuEpoR  L238S  or 
MuEpoR.  After  3  days,  the  cells  were  switched  from  medium  containing  WEHI  to  that  with  1  U/ml  Epo,  as  detailed  in  the  legend  to  Figure  2,  and 
in  the  Materials  and  methods.  After  48  h  growth,  the  cells  were  washed  three  times  in  RPMI  and  then  cultivated  in  RPMI  supplemented  with  10% 
FBS  and  the  indicated  concentrations  of  Epo  (0.001-10  U/ml).  Cells  expressing  HuEpoR  (□),  HuEpoR  L238S  (O)  and  MuEpoR  (•)  were  counted 
at  72  h  after  addition  of  Epo  (at  the  indicated  concentrations)  on  a  Coulter  Cell  Counter.  Each  point  is  the  average  of  four  replicates  (±SD).  (D) 
Epo-independent  growth  of  pools  of  Ba/F3  cells  coexpressing  MuEpoR  or  HuEpoR  L238S  with  gp55-P.  As  shown  in  (A)  and  (B),  coexpression  of 
gp55-P  with  MuEpoR  or  HuEpoR  L238S  results  in  Epo-independence.  Two  independent  pools  of  cells  coexpressing  MuEpoR  and  gp55-P  (•  and  A, 
respectively)  or  two  independent  pools  of  cells  coexpressing  HuEpoR  L238S  and  gp55-P  (□  and  O,  respectively)  were  incubated  at  a  density  of 
75  000/ml  in  RPMI  supplemented  with  10%  bovine  calf  serum  but  no  other  growth  factor  (i.e.  IL3  or  Epo)  and  counted  on  a  Coulter  Cell  Counter  at 
the  indicated  time  points. 


MuEpoR  and  MuEpoR  S238L  to  support  gp55-P  induced 
colony  formation  (112.93  ±  17.23  CFU-Es  per  fetal  liver, 
«  =  3,  versus  52.7  ±  11.86  CFU-Es  per  fetal  liver,  n  ^ 
3)  is  statistically  significant  (Student’s  /-test,  p  <0.005). 
Importantly,  when  the  infected  cells  were  cultured  in  the 
absence  of  Epo,  the  MuEpoR-IRES-GFP  virus  induced 
only  background  level  of  colonies  (column  5),  showing 
that  all  colonies  induced  by  MuEpoR-IRES-gp55-P  virus 
were  due  to  expression  of  gp55-P. 

Similarly,  cells  expressing  gp55-P  and  either  wild-type 
human  EpoR  or  HuEpoR  L238S  formed  the  same  number 
of  erythroid  CFU-E  colonies  in  the  presence  of  Epo 
(Figure  4C,  columns  2  and  4).  The  lower  absolute  numbers 
of  colonies  induced  by  Epo  in  cells  infected  with  HuEpoR 
coding  viruses  (Figure  4C,  columns  2  and  4)  versus  cells 
infected  with  murine  EpoR-coding  viruses  (Figure  4B, 
columns  2,  4  and  6)  were  expected,  given  the  lower  titers 
of  HuEpoR-coding  viruses  (Figure  4D).  However,  only 
cells  coexpressing  gp55-P  and  the  mutant  HuEpoR  L238S 
formed  colonies  in  the  absence  of  Epo  (Figure  4C,  column 
3);  those  expressing  the  wild-type  human  EpoR  did  not 
(Figure  4C,  column  1).  The  difference  between  the  ability 
of  HuEpoR  L238S  and  HuEpoR  to  support  gp55-P- 
induced  colony  formation  (66.76  ±  14.42  CFU-Es  per 
fetal  liver,  n  =  5,  versus  24.76  ±  4.67  CFU-Es  per  fetal 
liver,  =  5)  is  statistically  significant  (Student’s  /-test, 
p  <0.005). 


Thus,  both  in  cell  lines  and  in  primary  erythroid  cells, 
the  presence  of  a  small  amino  acid — either  serine  or 
alanine — at  one  position  in  the  center  of  the  transmembrane 
sequence  of  the  EpoR  is  crucial  for  efficient  activation  by 
gp55-P,  but  not  for  activation  by  Epo. 

Ser238  of  the  EpoR  and  Met390  of  gp55-P  may  lie 
in  the  interface  of  interacting  EpoR-gp55~P 
transmembrane  helices 

A  computational  search  strategy  (Adams  et  ai,  1995, 
1996;  Surti  et  al,  1998)  was  used  to  identify  low  energy 
‘clusters’  of  interacting  EpoR-gp55-P  transmembrane  heli¬ 
ces.  The  structures  generated  from  this  global  search  can 
be  evaluated  on  the  basis  of  the  mutational  and  biochemical 
data.  As  described  in  the  Materials  and  methods,  the 
search  calculates  low  energy  structures  using  molecular 
dynamics  and  energy  minimization  protocols  at  different 
rotational  orientations  and  interaxial  spacings  of  trans¬ 
membrane  helices.  The  lowest  energy  structure  found 
(AG  =  -71  kcal/mol)  places  Ser238  of  the  murine  EpoR 
in  the  dimer  interface  interacting  with  Met390  of  gp55-P. 
This  dimer  structure  is  stabilized  by  interactions  along  the 
length  of  the  interface  (Figure  5A  and  D)  and  provides  a 
direct  explanation  for  the  observed  mutational  results, 
since  Ser238  is  critical  for  interaction  of  the  murine  EpoR 
with  gp55-P,  and  Met390  is  one  of  the  six  transmembrane 
residues  that  differ  between  gp55-P  and  gp55-A  (Figure  6). 
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Fig.  4.  gp55-P  expression  activates  the  wild-type  murine  EpoR  and  a  mutant  HuEpoR  L238S  to  promote  erythroid  colony  formation  from  day  12.5 
EpoR"^“  fetal  liver  CFU-Es.  (A)  Schematic  diagram  showing  the  bicistronic  vectors  encoding  mutant  EpoRs  and  gp55-R  (B)  The  number  of  CFU^E 
colonies  generated  in  the  absence  of  Epo  (-Epo,  hatched  columns)  or  in  the  presence  of  3  U/ml  Epo/ml  (+Epo,  solid  columns)  in  day  12.5  EpoR 
fetal  liver  CFU-Es  after  infection  by  viruses  encoding  the  wild-type  or  S238L  mutant  murine  Epo  receptors  (MuEpoR)  and  gp55-P,  wild-type 
MuEpoR  and  GFP  in  place  of  gp55-P,  or  only  GFP  (GFP- Control).  Fetal  liver  cells  were  infected  with  different  viruses  having  similar  titers  [as 
assayed  by  Western  blot  analysis  for  gp55  expression  on  infected  NIH  3T3  cells,  (D)]  for  4  h  at  37°C.  Cells  were  plated  in  methylcellulose  and 
CFU-Es  were  scored  by  staining  with  benzidine  72  h  after  plating.  Results  are  expressed  as  colonies  induced  per  fetal  liver  in  the  presence  or 
absence  of  Epo.  Data  represent  the  mean  of  four  assays  (columns  1^  and  6)  or  three  assays  (columns  5  and  7)  ±1  SD.  All  EpoR-encoding  viruses 
induced  the  same  number  of  CFU-E  colonies  when  the  infected  cells  were  cultured  in  the  presence  of  Epo  (columns  2,  4  and  6).  In  contrast,  the 
number  of  CFU-E  colonies  induced  by  the  MuEpoR-IRES-gp55-P  virus  when  the  infected  cells  were  cultured  in  the  absence  of  Epo  (column  1)  was 
significantly  greater  (Student’s  r-test,  p  <0.005)  than  those  induced  by  the  MuEpoR  S238L-IRES-gp55-P  virus  (column  3)  or  by  the  MuEpoR- 
IRES-GFP  virus  which  expresses  GFP  in  place  of  gp55-P  (column  5).  (C)  The  number  of  CFU-E  colonies  formed  in  the  absence  of  Epo  (-Epo, 
hatched  columns)  or  in  the  presence  of  3  U/ml  Epo/ml  (-fEpo,  solid  columns)  in  day  12.5  EpoR  ^  fetal  liver  CFU-Es  after  infection  by  viruses 
encoding  the  wild-type  or  L238S  mutant  human  Epo  receptors  (HuEpoR)  and  gp55-P,  or  only  GFP  (GFP- Control).  Infection  and  detection  of  CFU- 
E’s  colonies  were  as  in  (B);  results  are  expressed  as  colonies  induced  per  fetal  liver  in  the  presence  or  absence  of  Epo.  Data  represent  the  mean  of 
five  independent  assays  ±1  SD.  Both  EpoR-encoding  viruses  induced  the  same  number  of  CFU-E  colonies  when  the  infected  cells  were  cultured  in 
the  presence  of  Epo  (columns  2  and  4).  In  contrast,  the  number  of  CFU-E  colonies  induced  by  the  HuEpoR  L238S-IRES-gp55-P  virus  when  the 
infected  cells  were  cultured  in  the  absence  of  Epo  (column  3)  was  significantly  greater  (Student  s  f-test,  p  <0.005)  than  those  induced  by  the  wild- 
type  HuEpoR-IRES-gp55-P  virus  (column  1).  The  latter  figure  was  not  significantly  different  from  the  number  of  CFU-E  colonies  induced  by  the 
control  GFP  virus  (column  5).  (D)  Expression  of  gp55  protein  in  NIH  3T3  cells  infected  with  virus  encoding  MuEpoR-IRES-gp55-P,  MuEpoR 
S238L-IRES-gp55-P,  HuEpoR-IRES-gp55-P  and  HuEpoR  L238S-IRES-gp55-P.  Typical  titration  experiments  were  performed  by  incubating  5-fold 
dilutions  of  packaged  virus  with  NIH  3T3  cells  (50  000  cells/well)  for  8  h  in  the  presence  of  8  pg/ml  polybrene.  Cells  were  counted  after  72  h  and 
analyzed  by  Western  blotting  with  an  anti-gp55  antibody.  Shown  is  a  typical  example  of  an  infection  with  undiluted  virus. 
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Fig.  5.  Modeling  of  transmembrane  interactions  between  the  murine  EpoR  and  gp55-P  proteins  using  molecular  dynamics  simulations  and  energy 
minimization  (A)  EpoR-gp55-P  interactions.  Energy  contributions  of  EpoR  residues  226-249  calculated  for  the  complex  between  the  transmembrane 
domains  of  the  EpoR  and  gp55-P  proteins.  The  average  structure  shown  in  (D)  is  the  lowest  energy  complex  of  eight  clusters  generated  in  the 
conformational  search.  The  interaxial  distance  was  fixed  at  10.5  A.  (B)  EpoR-gp55-P  interactions.  Energy  contributions  of  gp55-P  residues  382-^04 
calculated  for  the  complex  shown  in  (D)  between  the  transmembrane  domains  of  the  EpoR  and  gp55-P  proteins.  Comparison  of  panels  (A)  and  (B) 
with  the  structure  shown  in  (D)  indicates  that  the  low  energy  contribution  of  Thr383  results  from  hydrogen-bonding  interactions  with  Ser231  of 

of  EpoR  hydrogen-bonds  back  to  Leu234  rather  than  across  the  dimer  interface.  The  energy  contributions  of  Ser238  and 
gp55-P)  results  predominantly  from  van  der  Waals  interactions.  (C)  gp55-P-gp55-P  interactions.  Energy  contributions  of  gp55-P  residues 
382  to  404  calculated  for  the  homodtmer  complex  shown  in  (E).  The  average  structure  shown  in  (E)  is  the  lowest  energy  complex  of  10  clusters 
1  j ”  conformational  search.  The  interaxial  distance  was  fixed  at  10.5  A.  Conformational  searches  with  interaxial  separations  of  9  5  and 
10.0  A  led  to  fewer  clusters  of  stractures.  The  lowest  energy  clusters  had  the  orientation  of  gp55-P  helices  seen  in  (E)  and  an  increased  packing 
contribution  for  Gly391.  (D)  Details  of  the  predicted  interaction  between  the  transmembrane  domains  of  the  murine  EpoR  and  gp55-P;  Met390  of 
gp55-P  is  predicted  to  interact  at  the  interface  with  Ser238  and  Leu234  of  the  murine  EpoR.  (E)  Predicted  structure  of  the  homodimer  of  the  gp55-P 
transmembrane  domain;  Gly391  is  placed  in  the  interface  of  the  gp55-P  homodimer.  The  face  of  the  gp55-P  helix  predicted  to  interact  with  the 
murine  EpoR  is  opposite  to  that  predicted  to  form  the  homodimcr. 


Importantly,  no  low  energy  clusters  were  obtained 
for  interactions  between  the  transmembrane  domains  of 
murine  EpoR  and  gp55-A  (not  shown).  A  computational 
search  on  the  gp55-P  homodimer  revealed  one  very 
low  energy  structure  that  is  stabilized  by  interhelical 
interactions  involving  a  different  face  of  the  gp55-P  helix 
than  that  predicted  to  interact  with  the  EpoR  (Figure  5D 
and  E).  We  hypothesize  that  each  of  the  transmembrane 
domains  in  a  cell  surface  gp55-P  dimer  (or  higher  oligo¬ 
mer)  binds  specifically  to  the  transmembrane  segment  of 
one  EpoR,  dimerizing  and  activating  the  EpoR. 

Mutagenesis  of  the  gp55-P  and  gp55-A 
transmembrane  domains  reveais  which  of  the 
differing  transmembrane  residues  are  important 
for  EpoR  activation 

These  computational  searches  suggest  that  the  transmem¬ 
brane  domain  of  gp55-P  has  a  stronger  interaction  with 
the  EpoR  transmembrane  domain  than  does  gp55-A.  This 
would  be  a  possible  explanation  for  the  poor  ability  of 


gp55-A  to  activate  EpoR  signaling  and  for  the  well 
established  results  showing  that  the  transmembrane 
sequence  of  gp55-P  is  crucial  for  inducing  polycythemia 
in  vivo  (Amanuma  et  al,  1989;  Chung  et  al,  1989; 
Watanabe  et  al.,  1995).  While  these  molecular  models  are 
a  provocative  way  to  imagine  a  possible  interaction,  they 
do  not  provide  sufficient  detail  to  suggest  compensatory 
mutations  in  the  EpoR  and  gp55.  However,  the  biology 
of  our  system  allowed  us  to  explore  further  the  precise 
sequences  required  for  productive  transmembrane  inter¬ 
actions,  since  sequence  differences  between  gp55-P  and 
gp55-A  must  be  responsible  for  the  different  biological 
effects  of  these  proteins.  The  membrane-spanning  segment 
of  gp55-P  differs  from  that  of  gp55-A  at  six  positions, 
and  also  contains  two  leucine  residues  (L396  and  397) 
‘deleted’  in  gp55-A  (Figure  6A).  To  test  our  model,  we 
generated  all  possible  gp55-P-4gp55-A  mutations,  as  well 
as  gp55-P  mutants  missing  one  (Del  L397)  or  both  (Del 
L396,  397)  of  the  ‘extra’  leucine  residues.  As  determined 
by  the  ability  to  induce  Epo-independent  growth  of 
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Fig.  6.  Identification  of  the  precise  transmembrane  sequences  of 
gp55-P  which  differ  from  gp55-A  that  are  involved  in  activation  of  the 
EpoR  signaling.  (A)  Sequence  alignment  between  the  transmembrane 
sequences  of  gp55-P  and  -A.  (B)  The  indicated  gp55-P  mutants  were 
tested  in  proliferation  assays  for  their  capacity  to  induce 
Epo-independent  growth  in  murine  EpoR-expressing  Ba/F3  cells. 
Except  for  M390L  and  G391L  all  mutations  convert  residues  in 
gp55-P  to  those  in  gp55-A. 

Ba/F3  cells  expressing  the  murine  EpoR,  only  gp55-P 
mutants  M390I,  Del  L396,  L397,  Del  L397  and  L399I 
could  not  activate  the  EpoR  (Figure  6B).  Both  M390  and 
L397  are  on  the  face  of  the  gp55-P  transmembrane  helix 
predicted  to  interact  with  the  EpoR,  forming  a  left-handed 
coiled-coil.  However,  two  other  amino  acids,  G391  and 
L399,  are  not  predicted  to  be  on  this  face  of  the  transmem¬ 
brane  helix  (Figure  5D  and  E;  see  below). 

The  position  of  a  methyl  group  at  position  390  of 
the  gp55-P  transmembrane  domain  determines 
the  polycythemic  versus  anemic  phenotype 

As  noted,  an  He  at  position  390  renders  gp55-P  unable  to 
activate  the  EpoR.  lie  has  a  P-branched  side  chain,  lacks 
rotational  freedom,  and  is  known  to  have  drastic  effects 
on  packing  of  a-helical  coiled  coils  (Harbury  et  al,  1993). 
We  therefore  predicted  that,  unlike  isoleucine,  introduction 
of  a  Leu  at  position  390  (gp55-P  M390L)  would  allow 
gp55-P  to  activate  the  murine  EpoR.  Indeed,  the  gp55-P 
M390L  mutant  was  fully  able  to  activate  the  murine  EpoR 
(Figure  6B).  The  position  of  one  methyl  group,  at  carbon 
Y  or  at  carbon  p  is  all  that  differs  between  leucine  and 
isoleucine.  These  results  thus  support  the  notion  that  the 
transmembrane  segments  of  the  two  proteins  interact  in  a 
highly  specific  manner.  According  to  our  model  (Figure 
5D),  Met390  of  gp55-P  binds  specifically  to  the  murine 
EpoR  in  the  region  of  Ser238.  On  the  opposite  face  of 
the  gp55-P  transmembrane  helix,  a  mutation  of  L399 
to  I  abolishes  activation.  A  residue  common  to  both 
gp55-P  and  -A,  G391,  immediately  following  M390  in 
gp55-P,  seems  to  be  important  for  activation  since  the 
gp55-P  G391L  mutant  cannot  activate  the  EpoR  (Figure 
6B).  However,  these  results  can  only  be  interpreted 
correctly  if  these  mutant  gp55  proteins  are  expressed 
similarly  on  the  cell  surface.  This  issue  is  critical,  since 
gp55-A  is  poorly  expressed  on  the  cell  surface  (Ruscetti 
et  al.,  1981;  Amanuma  et  aL,  1989). 


a  metric  for  the  intrinsic  ability  of  these  proteins  to  be 
transported  to  the  plasma  membrane  (Ruscetti  et  al,  1981; 
Amanuma  et  aL,  1989;  Watanabe  et  aL,  1990,  1995).  In 
order  to  determine  the  capacity  of  the  various  gp55 
mutants  to  be  expressed  at  the  cell  surface,  we  generated 
stably  expressing  NIH  3T3  cell  lines  by  infection  with 
high  titer  SFFV  virus  encoding  gp55  proteins.  The  different 
cell  lines  were  analyzed  by  Western  blotting  with  goat 
anti-Rauscher  gp55  antibodies  and  shown  to  express 
similar  levels  of  gp55  proteins  (not  shown).  Cells  were 
then  analyzed  by  immunofluorescence  microscopy  using 
a  triple  sandwich  (monoclonal  anti-gp55  antibody  7C10, 
biotinylated  goat  anti-rat  IgG  and  Cy3-streptavidin)  as 
described  in  Materials  and  methods.  All  labeling  steps 
were  performed  on  live  cells  at  4°C  in  order  to  exclusively 
label  the  cell  surface.  This  generates  a  patchy  labeling 
pattern,  as  the  antibody-labeled  proteins  at  the  surface  of 
live,  unfixed  cells  are  swept  into  micropatches  by  cross- 
linking  via  the  secondary  antibodies  and  Cy3-streptavidin, 
as  previously  described  (Henis  et  aL,  1994). 

As  shown  in  Figure  7,  gp55-P  was  very  well  expressed 
at  the  cell  surface  while  gp55-A  was  not,  thus  confirming 
results  of  others  (Ruscetti  et  aL,  1981;  Amanuma  et  aL, 
1989).  Mutants  gp55-P  M390I  and  G391L  were  equally 
well  expressed  at  the  cell  surface  but,  importantly,  both 
fail  to  activate  the  EpoR.  Moreover,  two  other  mutants 
which  are  also  unable  to  activate  the  MuEpoR,  gp55-P 
Del  L396,  L397  and  gp55-P  Del  L397,  are  expressed 
significantly  at  the  cell  surface,  albeit  at  lower  levels. 
Therefore,  deleting  both  extra  leucines,  L396  and  L397, 
in  gp55-P  or  L397  alone  does  not  abolish  cell-surface 
expression,  while  it  does  abolish  activation  of  the  EpoR. 
In  a  previous  study  (Amanuma  et  aL,  1989),  a  mutant 
gp55-like  molecule  which  lacked  the  two  extra  leucines 
was  found  to  be  absent  on  the  cell  surface.  In  that  case, 
however,  additional  mutations  reminiscent  of  the  Friend 
murine  leukemia  virus  envelope  protein  were  also  present 
in  the  transmembrane  domain  (i.e.  S392P). 

Interestingly,  the  gp55-P  L399I  mutant  failed  to  express 
at  detectable  levels  on  the  cell  surface  (Figure  7)  and  also 
failed  to  activate  the  EpoR.  L399  was  predicted  to  be  on 
the  opposite  face  of  the  transmembrane  helix  from  that 
involved  in  interaction  with  the  EpoR  (Figure  5D  and  E) 
and  thus  would  not  have  been  expected  to  influence 
activation  of  the  EpoR.  Its  lack  of  cell-surface  expression 
explains  its  inability  to  activate  the  EpoR  (Figure  6B). 
These  data  show  clearly  that  sequence  specificity  is 
required  for  activation  of  the  EpoR  by  gp55  proteins,  as 
a  number  of  gp55  mutants  that  cannot  activate  the  EpoR 
do  reach  the  cell  surface.  Mutation  of  G391  (the  residue 
following  M390)  also  abolishes  activation;  G391  is  pre¬ 
dicted  to  allow  the  gp55-P  and  EpoR  transmembrane 
helices  to  cross  in  close  contact.  In  neu*  (activated 
form  of  the  neu  protein  through  a  V— >E  transmembrane 
mutation),  the  glycine  residue  (G665)  following  E664  is 
also  critical  for  activation  of  neu,  as  glycine  residues  are 
found  with  high  frequency  in  a  number  of  transmembrane 
helices  to  allow  close  packing/crossing  between  helices. 


Cell  surface  expression  of  gp55  mutant  proteins 
and  their  biological  activity 

Intracellular  processing  and  cell-surface  expression  of 
gp55  proteins  expressed  in  NIH  3T3  cells  can  be  used  as 


Discussion 

Our  key  findings  can  best  be  summarized  by  a  molecular 
model  (Figure  1):  each  subunit  of  a  dimeric  plasma 
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Fig.  7.  Cell-surface  expression  of  gp55  mutant  proteins.  NIH  3T3  cells  stably  expressing  various  gp55  mutants  at  similar  levels  (as  judged  by 
Western  blot  using  anti-gp55  goat  serum,  not  shown)  were  processed  for  immunofluorescence  microscopy  as  described  under  Materials  and  methods. 
All  labeling  steps  were  performed  on  live  cells  at  4°C,  in  order  to  label  exclusively  cell-surface  proteins.  All  photographs  were  taken  in  the  same 
session,  under  identical  conditions  and  exposure  times,  and  the  film  rolls  were  developed  together  and  printed  under  identical  conditions  to  enable 
direct  comparison.  Bar  =  10  (im.  For  each  cell  line  the  percentage  of  fluorescent-labeled  cells  was  evaluated  by  counting  500  cells  in  several  flelds 
and  scoring  cells  visibly  labeled  above  the  background  level.  Samples  with  20-30%  labeled  cells  were  marked  ‘  +  +  ’,  those  with  10-15%  labeled 
cells  were  designated  ‘  +  ’;  and  samples  with  2%  or  fewer  labeled  cells  were  marked 


membrane  gp55-P  binds,  through  its  membrane-spanning  the  murine  EpoR  to  its  human  counterpart  (MuEpoR 

segment,  a  single  EpoR  polypeptide,  dimerizing  the  recep-  S238L)  abolishes  activation  by  gp55-R  The  computational 

tor  and  thus  activating  EpoR  signal  transduction  pathways.  searches  of  EpoR-gp55-P  transmembrane  interactions 

A  more  detailed  molecular  model  for  the  specific  inter-  yielded  a  low  energy  structure  in  which  S238  of  the  EpoR 

actions  between  the  transmembrane  domains  of  the  EpoR  transmembrane  domain  interacts  specifically  with  M390 

and  gp55-P  proteins  (Figure  5D)  was  derived  from  compu-  of  gp55-P.  Support  for  this  low  energy  structure  was 

tational  searches.  The  convergence  of  these  unbiased  provided  by  mutational  studies  analyzing  the  differences 

searches  on  a  low  energy  structure  consistent  with  the  between  gp55-A  and  gp55-P.  In  gp55-A,  which  is  much 

experimental  data  was  striking.  First,  serine  238  of  the  less  effective  than  gp55-P  in  activating  the  murine  EpoR, 

murine  EpoR  is  predicted  to  be  at  the  interface  with  the  residue  at  position  390  is  isoleucine.  We  show  that 

gp55-P;  a  leucine  residue  is  at  the  same  position  in  the  mutation  of  Met390  in  gp55-P  to  its  counterpart  in  gp55- 

human  EpoR,  which  is  not  activated  by  gp55-P.  Mutation  A  (M390I)  results  in  its  inability  to  activate  the  murine 

of  this  one  amino  acid  in  the  human  EpoR  to  its  murine  EpoR.  In  contrast,  replacing  this  methionine  with  a  leucine 

counterpart  (HuEpoR  L238S)  results  in  its  ability  to  be  allows  full  biological  activity.  Thus,  the  EpoR  can  be 

activated  by  gp55-P.  Conversely,  mutating  the  serine  in  activated  by  a  non-related  protein  through  a  novel  mechan- 
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ism  which  involves  highly  specific  interactions  between 
residues  within  the  transmembrane  domains. 

Activation  of  the  EpoR  by  dimerization 

EpoR  can  be  activated  by  Epo-induced  dimerization 
(Watowich  et  al,  1994),  by  dimerization  induced  by  small 
mimetic  peptides  (Wrighton  et  aL,  1996),  by  bivalent 
monoclonal  antibodies  directed  to  the  EpoR,  or  by  a  point 
mutation  in  the  extracellular  domain  which  constitutively 
dimerizes  the  receptor  (Yoshimura  et  aL,  1990b;  Watowich 
et  al.,  1992).  The  three  dimensional  structure  of  the 
complex  of  two  EpoR  extracellular  domains  bound  to  Epo 
shows  that  receptor  orientation  by  ligand  is  critical  for 
the  efficiency  of  signaling  (Syed  et  aL,  1998).  A  different 
orientation  of  the  extracellular  domains  of  two  EpoR 
monomers  is  induced  by  peptide  mimetics  (Livnah  et  aL, 
1996).  Both  peptide-  and  Epo-induced  EpoR  dimer  assem¬ 
blies  differ  from  that  of  the  human  growth  hormone 
receptor  bound  by  its  ligand  (De  Vos  et  al.,  1992;  Livnah 
et  aL,  1996;  Wrighton  et  al,  1996;  Syed  et  aL,  1998).  It 
is  likely  that  in  the  R129C  EpoR  mutant,  which  is  a 
disulfide-linked  dimer,  the  two  EpoR  extracellular  domains 
will  have  a  yet  another  orientation,  as  will  those  dimerized 
by  bivalent  anti-receptor  antibodies.  While  the  efficiency 
of  signaling  (the  ratio  between  the  amount  of  substance 
required  for  cell  growth  and  the  for  binding)  may  be 
dependent  on  receptor  orientation  (Syed  et  al.,  1998), 
these  data  show  that  more  than  one  mode  of  receptor 
dimerization  can  induce  signal  transduction,  cell  prolifera¬ 
tion  and  red  cell  differentiation.  Recently,  the  crystal 
structure  of  the  extracellular  domain  of  the  EpoR  in 
its  unliganded  form  has  unexpectedly  also  revealed  a 
preformed  dimer  in  which  the  individual  membrane- 
spanning  and  intracellular  domains  would  be  too  far  apart 
to  permit  transphosphorylation  of  JAK2  molecules  (Livnah 
et  al.,  1999).  An  in  vivo  fragment  complementation  assay 
further  supports  a  model  in  which  ligand  binding  induces 
a  conformational  change  that  allows  JAK2  to  be  brought 
into  closer  proximity  and  thus  activated  (Remy  et  al., 
1999).  Assuming  that  this  model  were  correct,  our  results 
would  suggest  that  binding  of  a  gp55-P  dimer  to  the 
preformed  EpoR  inactive  dimer  is  able  to  induce  a 
conformational  change  or  to  further  move  the  EpoR 
monomers  in  close  proximity  in  such  a  way  that  JAK2 
activation  is  possible.  Indeed,  we  have  shown  (data  not 
published)  that  gp55-P  and  gp55  mutants  that  induce  Epo- 
independence  also  induce  constitutive  activation  of  JAK2. 

Specific  interactions  between  the  EpoR  and 
gp55-P  transmembrane  domains 

The  residues  in  the  murine  EpoR  and  gp55-P  transmem¬ 
brane  domains  that  we  identified  experimentally  as  crucial 
for  biological  activity  are  the  ones  that  are  shown  computa¬ 
tionally  to  stabilize  the  lowest  energy  complex  between  the 
EpoR  and  gp55-P  transmembrane  domains.  The  productive 
binding  involves  one  face  of  the  gp55-P  transmembrane 
domain  which  recruits  one  face  of  the  transmembrane 
domain  of  the  mouse  EpoR  (Figures  1  and  5D).  The 
combined  approach  of  computational  searches  and  muta¬ 
genesis  allows  us  to  begin  to  see  the  details  of  this  specific 
interaction. 

The  human  EpoR  is  not  activated  by  gp55-P  (Showers 
et  al,  1993;  Hoatlin  et  al,  1995);  the  murine  and  human 


EpoRs  differ  only  in  three  positions  in  the  transmembrane 
domain  and  are  82%  identical  overall  (Jones  et  al.,  1990). 
Strikingly,  mutation  of  Leu238  to  Ser  in  the  transmembrane 
domain  rendered  the  human  EpoR  sensitive  to  activation 
by  gp55-P.  Conversely,  mutation  of  Ser238  of  the  murine 
EpoR  to  Leu  abolished  activation  by  gp55-P.  Mutation  of 
Ser238  to  Ala  did  not  abolish  activation,  nor  did  mutation 
of  other  hydroxyl-containing  amino  acid  residues  to  Ala 
or  Thr  (Figure  3A  and  B).  The  key  position  seems  to  be 
in  the  middle  of  the  transmembrane  domain  as  mutation 
of  Ile227  or  Leu228  to  Ser  did  not  have  any  effect  on 
activation  by  gp55-P  or  by  Epo  (data  not  shown). 

Activation  of  the  EpoR  by  gp55-P  was  also  assayed  in 
primary  fetal  liver  erythroid  progenitors  isolated  from 
EpoR“^~  embryos.  Epo  receptors  with  mutations  in  their 
transmembrane  domains  were  equivalent  in  their  ability 
to  respond  to  Epo  and  induce  erythroid  colony  formation 
from  CFU-Es.  Only  the  murine  EpoR  and  the  mutant 
HuEpoR  L238S  could  support  CFU-E  differentiation  when 
activated  by  gp55-R  Like  the  human  EpoR,  the  murine 
EpoR  S238L  mutant  was  not  activated  by  gp55-P  but 
responded  normally  to  Epo.  Therefore,  both  in  cell  lines 
and  in  primary  erythroid  progenitors,  the  presence  of  a 
small  amino  acid — either  serine  or  alanine — at  one  position 
in  the  center  of  the  transmembrane  sequence  of  the  EpoR 
is  crucial  for  efficient  activation  by  gp55-P  but  not  for 
activation  by  Epo. 

The  face  of  the  gp55-P  transmembrane  domain  (con¬ 
taining  Met390  and  Leu397)  predicted  to  interact  with  the 
mouse  EpoR  is  different  from  that  predicted  to  form  the 
gp55-P  homodimer  (Figure  5E).  Sequence  specificity  is 
demonstrated  further  by  our  results  using  gp55  mutant 
proteins,  in  which  residues  that  differ  between  the  poly¬ 
cythemic  and  anemic  strains  were  changed  to  the  corres¬ 
ponding  sequences  of  the  anemic  strain.  Previously  it  has 
been  suggested  that  gp55-A  does  not  activate  the  EpoR 
because  it  is  poorly  expressed  on  the  cell  surface  (Ruscetti 
et  al.,  1981;  Amanuma  et  al.,  1989).  Here  (Figure  7),  we 
show  that  gp55-A  is  indeed  not  detected  by  our  triple¬ 
sandwich  immunofluorescence  on  the  cell  surface  while 
gp55-P  is  well  expressed.  Notably,  several  mutant  gp55 
proteins  that  do  not  activate  the  EpoR  were  expressed  at 
high  levels  on  the  cell  surface  (gp55-P  M390I  and  gp55- 
P  G391L)  while  others  were  expressed  at  lower  but 
significant  levels  (gp55-P  Del  L396,  L397  and  gp55-P 
Del  L397).  The  one  mutation  (L399I)  that  would  not  have 
been  predicted  to  inhibit  activation  of  the  EpoR  was  not 
expressed  on  the  surface,  thus  explaining  its  lack  of 
activation  of  EpoR.  These  results  are  consistent  with  those 
reported  by  Watanabe  et  al.  (1995),  which  showed  that 
deletion  of  three  residues  at  a  time  from  the  transmembrane 
domain  of  gp55-P  can  abolish  activity  but  without  affecting 
cell-surface  expression.  Although  the  gp55-P  mutant  that 
lacks  both  extra-leucine  residues  (Del  L396,  L397)  is 
expressed  at  slightly  reduced  levels  on  the  cell  surface, 
we  suggest  that  this  is  not  the  reason  why  this  mutant  is 
inactive.  A  previous  study  (Amanuma  et  al.,  1989)  reported 
the  isolation  of  a  gp55-like  molecule  which  did  not  have 
the  two  extra  leucine  residues  and  was  not  expressed 
significantly  on  the  cell  surface.  As  this  mutant  gp55 
contained  additional  amino  acid  changes  we  suggest  that 
the  two  leucines  are  crucial  for  biological  activity  and  not 
for  cell-surface  expression.  Insertion  of  the  two  extra 
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leucines  into  gp55-A  does  not  rescue  the  cell-surface 
expression  defect  (Y.I.Henis,  personal  communication). 
Taken  together,  our  data  clearly  show  that  stringent  trans- 
membrane  sequence  specificity  is  required  for  activation 
of  the  EpoR  by  gp55  proteins.  More  importantly,  replacing 
the  methionine  at  position  390  in  gp55-P  with  leucine 
(M390L)  does  allow  full  activation  of  the  EpoR,  thus 
excluding  a  unique  role  for  the  sulfur  atom  of  the  methion¬ 
ine.  Since  an  isoleucine  at  that  position  in  gp55  (M390I) 
leads  to  a  protein  unable  to  activate  the  EpoR,  the  ability 
of  gp55-P  to  activate  the  EpoR  depends  on  whether  the 
methyl  group  is  attached  to  the  (3  (He)  or  y  (Leu)  carbon 
atom  of  the  aliphatic  amino  acid  at  position  390.  He  is 
present  at  this  position  in  gp55-A  (Figure  6A),  which  does 
not  activate  the  EpoR  to  promote  Ba/F3  cell  proliferation. 
Such  specificity  is  consistent  with  the  notion  that  Met390 
(or  Leu390)  in  gp55-P  mediates  activation  through  specific 
van  der  Waals  packing  interactions  with  EpoR  in  the 
region  of  Ser238,  possibly  a  left  handed  coiled-coil 
arrangement  of  transmembrane  helices. 

Such  subtle  changes  causing  dramatic  biological  effects 
are  not  without  precedent.  In  other  coiled  coils,  such  as 
the  GCN4  leucine  zipper,  replacement  of  Leu  with  He  at 
the  hydrophobic  positions  of  the  heptad  repeat  changes 
the  oligomerization  status  of  the  protein  from  dimer  to 
trimer  or  tetramer  (Harbury  et  al,  1993).  Met  and  Leu 
were  also  shown  to  be  compatible  at  a  critical  position  in 
transmembrane  helix  6  of  rhodopsin,  where  Met  is 
involved  in  a  specific  interaction  with  transmembrane 
helix  7  by  which  rhodopsin  signaling  is  kept  off  in  the 
dark.  However,  Met257  cannot  be  changed  to  any  residue 
other  that  Leu  without  a  loss  of  basal  1  l-cw-retinal  induced 
inhibition  of  signaling  in  the  dark  (Han  et  al,  1998). 

Unique  features  of  EpoR/gp55-P  transmembrane 
domain  interactions 

The  interaction  between  the  transmembrane  domains  of 
murine  EpoR  and  gp55-P  is  translated  into  an  array  of 
biological  activities.  On  the  structural  level,  we  suggest 
that  this  interaction  is  novel  since  it  involves  a  stereo¬ 
chemical  fit  between  hydrophobic  amino  acids  of  two 
unrelated  membrane  proteins  with  single  membrane- span¬ 
ning  helices.  While  there  are  a  number  of  examples 
where  charged  and/or  polar  residues  are  determinants  of 
interactions  between  membrane  domains,  only  in  the 
case  of  glycophorin  is  the  homodimerization  of  two 
transmembrane  domains  generated  entirely  by  van  der 
Waals  interactions. 

The  neu  tyrosine  kinase  receptor  can  be  activated  by  a 
Val  to  Glu  point  mutation  in  the  transmembrane  domain 
(Bargmann  et  al.,  1986),  which  dimerizes  and  constitu- 
tively  activates  the  receptor  (Bargmann  et  al,  1986;  Burke 
et  al.,  1997).  Achondroplasia,  the  most  common  genetic 
form  of  dwarfism,  results  from  a  Gly  to  Arg  substitution 
in  the  transmembrane  domain  of  the  fibroblast  growth 
factor  receptor  3  (FGFR3)  (Rousseau  et  al.,  1994;  Shiang 
et  al.,  1994)  causing  constitutive  activation  of  the  receptor 
(Webster  and  Donoghue,  1996).  Transmembrane  helical 
interactions  are  crucial  for  the  assembly  of  the  T-cell 
receptor  (TCR);  specific  pairs  of  TCR  chains  (i.e.  TCRa 
and  CD-35)  assemble  due  to  interactions  between  specific 
charged  sequences  in  their  transmembrane  domains 
(Manolios  et  al.,  1990).  Complex  formation  between 


class  II  MHCa  and  -p  chains  relies  on  residues  with 
opposite  charge  at  the  N-terminus  of  the  membrane- 
spanning  domains  and  on  a  structural  motif  involving 
several  glycines  on  the  same  face  of  the  putative  helices 
(Cosson  and  Bonifacino,  1992). 

The  ability  of  hydrophobic  packing  interactions  to 
stabilize  helix  association  has  previously  been  seen  in  the 
glycophorin  A  transmembrane  helix  dimer  (Furthmayr 
and  Marchesi,  1976;  MacKenzie  et  al.,  1997).  The 
glycophorin  A  transmembrane  domain  forms  a  stable 
homodimer  through  packing  interactions  involving  a 
seven-residue  motif,  LIxxGVxxGVxxT.  Interestingly,  the 
polar  side  chain  of  the  threonine  residue  does  not  stabilize 
the  dimer  through  interhelical  hydrogen  bonding,  but 
rather  the  threonine  contributes  to  dimerization  through 
non-polar  interactions  involving  the  P-methyl  group 
(MacKenzie  et  al.,  1997).  As  predicted  in  the  EpoR  for 
the  p-hydroxyl  group  of  Ser238,  the  threonine  p-hydroxyl 
group  hydrogen  bonds  back  to  the  i-4  carbonyl  of  the 
same  helix.  The  interaction  between  the  murine  EpoR  and 
gp55-P  transmembrane  domains  is  unique,  however,  since 
it  involves  a  stereochemical  fit  between  hydrophobic 
amino  acids  of  two  unrelated  proteins. 

Finally,  many  viruses  encode  small  single-spanning 
membrane  proteins,  which  activate  specific  growth  factor 
receptors  and  may  participate  in  cell  transformation  and/or 
stimulate  virus  growth  (Drummond-Barbosa  and  Di  Maio, 
1997;  Petti  et  al.,  1997).  The  fibropapillomavirus  protein 
E5  forms  a  stable  complex  with  and  activates  specifically 
the  PDGF  p  receptor  (Petti  et  al.,  1997).  The  determinants 
for  specific  activation  of  the  PDGF  P  receptor  are  charged 
and  polar  sequences  in  the  extracellular  and  transmem¬ 
brane  domains  of  the  receptor.  The  interaction  results  in 
dimerization  and  constitutive  activation  of  the  receptor 
(Petti  et  al.,  1997).  This  interaction,  like  that  between  gp55- 
P  and  the  EpoR,  may  prove  to  be  a  general  mechanism  by 
which  unrelated  protein  oligomers  function  to  dimerize 
cell-surface  receptors  via  interactions  within  transmem¬ 
brane  a-helices. 

Materials  and  methods 

Generation  of  EpoR  mutants 

The  murine  and  human  EpoR  cDNAs  were  cloned  in  the  pMX-IRES- 
GFP  bicistronic  retroviral  vector  upstream  of  the  IRES  (Liu  et  al.,  1997; 
Constantinescu  et  al.,  1998).  The  translation  of  the  two  proteins  is  tightly 
linked  in  that  expression  of  GFP  is  proportional  over  a  100-fold  range 
to  the  level  of  expression  of  the  protein  encoded  by  the  cDNA  placed 
upstream  of  the  IRES  (Liu  et  al.,  1997).  All  mutant  Epo  receptor 
constructs  were  generated  by  PCR  overlap  extension  using  vector-  and 
IRES-derived  sequences  as  external  primers.  Because  the  human  EpoR 
receptor  has,  compared  with  the  murine,  one  extra  amino  acid  in  its 
extracellular  domain,  the  numbering  of  HuEpoR  residues  was  adjusted 
to  that  of  the  murine  for  easy  comparison.  After  sequencing,  plasmid 
DNAs  were  used  to  transfect  retroviral  packaging  cells  in  order  to 
generate  high  titer  retroviruses.  gp55-P  cDNA,  kindly  provided  by  Dr 
Sandra  Ruscetti  (National  Cancer  Institute,  Frederick,  MD)  was  used  as 
a  template  to  generate  gp55-P  to  -A  mutants  by  PCR  overlap  extension. 

Generation  of  retroviral  supernatants 

High  titer  replication  free  retroviral  supernatants  were  generated  by 
transient  transfection  of  the  BOSC  packaging  cell  line  (Pear  et  al., 
1993).  Of  each  retroviral  construct,  5  pg  of  DNA  was  transfected  by 
the  calcium  phosphate  method  (Constantinescu  et  al,  1998).  After 
collection  of  viral  supernatants,  expression  in  BOSC  cells  of  various 
EpoR  or  gp55  mutants  was  measured  by  Western  blots  as  described 
(Constantinescu  et  al.,  1998),  while  expression  of  GFP  was  measured 
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by  fluorescence-activated  cell  sorting  (FACS).  Viral  titers  were  measured 
by  FACS  as  described  previously  (Constantinescu  et  ai,  1998). 

Assay  for  Epo-  and  gp55-P-dependent  proliferation 

IL-3-dependent  Ba/F3  cells  growing  in  RPMI  medium  supplemented 
with  10%  fetal  bovine  medium,  antibiotics  and  5%  WEHI  supernatant 
(as  a  source  of  IL-3)  were  infected  with  bicistronic  viruses  encoding 
GFP  and  different  EpoRs  (murine,  human,  wild  type  or  mutants)  for  4  h 
in  the  presence  of  4  |ig/ml  polybrene.  Infected  cells  were  scanned  by 
FACS  for  GFP  fluorescence;  typically  infection  efficiencies  were 

9- 15%.  For  every  infected  construct,  cells  were  either  selected  directly 
in  Epo  (0.5-1  U/ml)  for  proliferation  by  removing  IL3  or,  alternatively, 
cells  were  first  sorted  for  the  top  0.1%  GFP  fluorescence  and  then  placed 
in  Epo  in  the  absence  of  IL3.  The  capacity  to  support  proliferation  in 
Epo  was  measured  for  each  transduced  EpoR  construct;  both  selected 
and  sorted  cells  gave  similar  results  for  each  construct.  All  experiments 
were  performed  on  pools  of  cells  and  not  on  clones.  The  expression  of 
the  EpoR  was  confirmed  by  Western  blot  analysis  using  antibodies 
directed  to  the  murine  EpoR  (C-187;  Yoshimura  et  al,  1990a)  and 
human  EpoR  (C-20;  Santa  Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA). 
Cells  expressing  different  EpoRs  were  infected  with  viruses  encoding 
gp55-P  as  described  previously  (Constantinescu  et  ah,  1998),  and  the 
ability  of  transduced  gp55-P  to  induce  Epo-independent  proliferation  of 
cells  was  assayed  by  removing  Epo  or  WEHI  medium  and  placing  cells 
in  24- well  plates  in  medium  lacking  growth  factor,  as  described  previously 
(Constantinescu  et  ah,  1998).  Epo-independent  cells  were  expanded  and 
tested  for  gp55-P  expression;  high  levels  of  gp55-P  were  demonstrated 
in  cells  growing  in  the  absence  of  Epo  by  Western  blot  analysis  using 
an  anti-Rauscher-gp70  goat  antibody  (National  Cancer  Institute  serum 
repository)  recognizing  the  xenotropic-derived  region  of  gp55  proteins 
or  using  a  monoclonal  anti-gp55  antibody  (7C10,  a  gift  of  Dr  Sandra 
Ruscetti;  data  not  shown). 

Erythroid  colony  formation  in  primary  fetal  liver  cells 

Day  12.5  homozygous  EpoR"^“  fetal  liver  cells  were  harvested  and 
single  cell  suspensions  were  prepared  as  described  (Wu  et  ah,  1995; 
Constantinescu  et  ah,  1998).  Cells  were  infected  with  various  bicistronic 
retroviruses  in  the  presence  of  4  pg/ml  polybrene  for  4  h  in  Iscove’s 
modified  Dulbecco’s  medium  (IMDM)  containing  20%  fetal  bovine 
serum  (FBS).  For  colony  forming  unit-erythroid  (CFU-E)  assays,  10^ 
nucleated  progenitors  were  plated  in  semisolid  0.1%  methylcellulose 
medium  (MethoCult  3230,  Stem  Cell  Technologies,  Vancouver,  British 
Columbia,  Canada)  containing  20%  FBS  as  described  (Wu  et  ah,  1995; 
Constantinescu  et  ah,  1998)  in  the  presence  or  absence  of  3  U/ml  Epo. 
Colonies  generated  by  CFU-E  progenitors  were  scored  72  h  after  plating 
by  staining  with  diaminobenzidine  (Sigma,  St  Louis,  MO).  The  efficiency 
of  infection  for  a  particular  set  of  bicistronic  retroviruses  was  represented 
by  the  number  of  colonies  induced  by  Epo,  since  EpoR“^“  progenitors 
absolutely  require  the  EpoR  to  differentiate  into  red  cells  (Wu  et  ah, 
1995).  As  described  by  Constantinescu  et  ah  (1998),  when  viruses 
encoding  both  EpoR  and  GFP  were  used  to  infect  parallel  aliquots  of 
fetal  liver  progenitors,  which  were  cultured  in  suspension  in  the  presence 
of  Epo  and  scanned  by  FACS  for  GFP  expression  36  h  after  infection, 

10- 15%  infection  efficiencies  were  typically  obtained. 

Computational  searches 

The  computational  search  strategy  has  been  described  previously  by 
Briinger  and  colleagues  (Treutlein  et  ah,  1992;  Nilges  and  Brunger, 
1993;  Lemmon  et  ah,  1994;  Adams  et  ah,  1995,  1996).  The  method  is 
applicable  to  either  homo-  or  heterodimers  of  interacting  helices. 
Canonical  a-helices  were  generated  from  the  transmembrane  sequences 
of  gp55-P  (residues  382-404),  gp55-A  (residues  382^04)  and  the  EpoR 
(residues  226-249).  The  calculations  on  gp55-A  were  carried  with  and 
without  the  insert  of  Leu396  and  Leu397,  present  in  the  gp55-P  sequence. 
Heterodimer  searches  were  carried  on  the  EpoR-gp55-P  and  EpoR-gp55- 
A  helices,  while  homodimer  searches  were  carried  out  on  the  gp55-P  and 
gp55-A  helices.  Low  energy  conformations  were  identified  by  rotating 
each  helix  in  the  helix  dimer  through  rotation  angles  jl  and  j2  from 
0-360°.  At  45°  increments,  molecular  dynamics  simulations  were  per¬ 
formed  using  simulated  annealing  of  all  atomic  coordinates.  The  structures 
were  energy  minimized  before  and  after  the  molecular  dynamics  simula¬ 
tions.  The  parameters  used  for  the  molecular  dynamics  simulations  and 
energy  minimization  were  the  same  as  those  used  by  Adams  et  ah  (1995). 
The  starting  geometries  included  both  left  handed  (-1-25°)  and  right  handed 
(-50°)  crossing  angles.  The  crossing  angles,  as  well  as  the  rotation  angles 
j  1  and  j2,  were  allowed  to  vary  during  the  simulation.  This  allows  the  helices 
to  adopt  low-energy  coiled-coil  geometries.  In  individual  simulations, 


however,  the  distance  between  the  two  helix  axes  was  held  fixed  at  10.0, 
10.5  or  11.0  A.  There  was  no  translational  offset  between  the  helices.  Four 
different  molecular  dynamics  simulations  were  carried  out  for  each  starting 
geometry.  During  the  cycle  of  molecular  dynamics  and  minimization,  the 
helix  dimers  migrate  from  their  initial  geometries  and  can  group  together 
to  form  well  defined  clusters  of  structures.  A  cluster  is  defined  as  a  group 
of  at  least  10  structures,  where  the  root  mean  square  deviation  of  the  atom 
positions  is  <  1  A  between  any  given  structure  in  the  cluster  and  the  next 
most  similar  structure.  For  each  cluster,  the  individual  dimer  structures  are 
averaged  and  then  energy  minimized  to  yield  a  single  low  energy  dimer 
structure.  This  analysis  leads  to  a  small  pool  of  possible  structures  that  can 
then  be  evaluated  on  the  basis  of  experimental  data. 

Immunofluorescence  microscopy 

NIH  3T3  cells  stably  expressing  different  gp55  mutants  were  washed 
twice  with  Dulbecco’s  PBS  supplemented  with  1%  bovine  serum  albumin 
(Sigma),  and  incubated  in  the  same  buffer  (45  min,  4°C)  with  goat 
Y-globulin  (200  (ig/ml)  to  block  nonspecific  staining.  This  was  followed 
by  successive  incubations  (4°C,  1  h  each,  with  three  washes  between 
incubations)  with:  (i)  7C10  rat  monoclonal  antibody  (ascites)  (1 :200  dilu¬ 
tion);  (ii)  biotinylated  goat  anti-rat  IgG  (20  pg/ml);  and  (iii)  Cy3-streptavi- 
din  (2  |ig/ml).  The  7C10  antibodies  were  a  generous  gift  from  Dr  Sandra 
K.Ruscetti  (National  Cancer  Institute,  Frederick,  MD),  while  the  biotinyl¬ 
ated  goat  anti-rat  IgG  and  Cy3-streptavidin  were  from  Jackson  Immuno- 
Research  Laboratories  (West  Grove,  PA).  All  incubations  with  antibodies 
were  carried  out  on  live  cells  in  the  cold;  under  these  conditions  the 
antibodies  cannot  penetrate  the  cells  and  only  cell-surface  proteins  exposed 
to  the  extracellular  medium  can  be  labeled.  The  cells  were  then  washed 
and  fixed  successively  in  methanol  (-20°C,  5  min)  and  acetone  (-20°C, 
2  min),  and  mounted  with  Prolong  antifade  mounting  solution  (Molecular 
Probes,  Eugene,  OR).  Fluorescence  digital  images  were  acquired  with  a 
Nikon  Eclipse  800  microscope  (XI 00  oil  immersion  objective)  coupled  to 
a  CCD  camera  (Micromax,  Princeton  Instruments),  using  OpenLab  (by 
Impro Vision)  software.  All  images  were  taken  under  identical  conditions, 
exported  in  TIFF  format  to  Adobe  Photoshop™  and  printed. 
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Note  added  in  proof 

While  this  manuscript  was  being  processed,  a  paper  by  Fang  et  al.  was 
published  (Vuvlogy,  1998,  252,  46-53).  This  paper  showed  that  two  of 
the  gp55-P  to  gp55-A  transmembrane  mutants  we  studied  (M390I  and 
Del  L396,  L397)  cannot  induce  polycythemia  in  mice  and  are  deficient 
in  activation  of  the  EpoR. 


